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Abstract
A detailed scientific investigation is carried out into the effects of ion irradiation on 
graphite systems. The results obtained have been compared with analogous radiation 
induced affects seen in neutron irradiated material. Results indicate that ion irradiation 
causes structural damage of the graphite lattice, as expected, in a very similar way to 
neutron irradiation. Such damage is also largely recoverable through thermal 
annealing. However, certain differences are observed and it seems likely that these are 
due to differences in the nature of the damage caused, and the recovery of such 
damage, on the fundamental level.
Ultra-high vacuum (UHV) equipment was used to irradiate samples of nuclear grade 
graphite and highly-orientated pyrolyitc graphite (HOPG) with inert gas ions and 
external facilities were also used to irradiate with carbon ions at higher energies. After 
irradiation a variety of scientific techniques were used to analyse the damage caused 
as a result of the irradiation.
Raman spectroscopy was used extensively to study the samples after irradiation and 
results indicated the presence of significant ion-induced damage through analysis of 
the Id/Ig ratio. The results were shown to be analogous to neutron induced damage 
and the amount of damage present was seen to be dependant on ion mass, ion energy 
and of course the total ion dose. A broad Raman feature was observed at 1500 cm'1, 
after a critical ion dose and such a feature has been rarely observed in neutron 
irradiated material, this feature perhaps suggests a fundamental difference between 
the damage occurring and a difference in the type and extent of defects produced. 
Raman was also used to effectively monitor damage recovery processes occurring as a 
result of thermal annealing and such recovery was seen to be analogous to the 
recovery seen in neutron damages materials.
Differential scanning calorimetry (DSC) was used to detect any exothermic release, 
when heating the sample after irradiation, occurring as a result of a build-up of 
Wigner-like energy, a phenomenon commonly seen in neutron irradiated graphite. In
one case of high energy He+ ion irradiation such an exotherm was observed at 
226 °C, the expected temperature range for Wigner-like release, however this result 
was very difficult to reproduce thus suggesting a fragile balance of ion irradiation 
parameters resulting in the necessary defects required to observe any Wigner release. 
Transmission electron microscopy (TEM) showed clearly that the atomic structure of 
nuclear grade graphite material was markedly altered as a result of ion irradiation, 
leading to an amorphous-like structure. These results are in agreement with published 
TEM work on neutron irradiated material and again highlight a similarity between the 
two forms of radiation.
X-ray diffraction (XRD) was also utilised and samples were analysed before and after 
irradiation. Contrary to XRD patterns of neutron irradiated graphite, there seemed to 
be little change in the XRD patterns after irradiation and the expected broadening and 
peak shift of the <002> peak was not seen, suggesting a difference in the damage 
caused to the system. Further work is required here to understand why this is the case 
and again a deeper understanding of the underlying damage mechanisms would be 
beneficial.
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UHV Ultra High Vacuum
USAEC Unites States Atomic Energy Commission
VHTR Very High Temperature Reactor
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
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Chapter 1 Introduction
> k a /jte r  /
___________________________ Introduction
1.1. Project Overview
This project aims to help the nuclear industry, particularly in the UK, by attempting 
to provide a comprehensive understanding of the behaviour of nuclear graphite 
throughout its operational lifetime. An in-depth scientific study is employed which 
helps to understand the affect of radiation on graphite, particularly at the microscopic 
level. Such work will also benefit those involved in decommissioning, where the 
appropriate treatment and disposal of large amounts of irradiated nuclear grade 
graphite is an important issue, especially in the UK, where graphite has been used 
extensively as moderator material in many nuclear reactors and as such accounts for 
approximately 33% by volume of all the UK nuclear intermediate level waste (ILW) 
waste resulting from the civil and military nuclear program [1].
This work has been part of a four-year government funded initiative entitled Keeping 
the Nuclear Option Open (EPSRC KNOO Grant number: EP/C549465/1), which is 
part of the UK’s research councils energy programme. KNOO was setup to maintain 
and develop skills important to the nuclear power generation and is the largest 
commitment to fission reactor research in the UK in the last thirty years [2]. The 
initiative involved extensive collaboration between universities and had a large input 
from the industrial sector.
Graphite research was only one aspect of the KNOO program. The work in this 
project was carried out alongside the Nuclear Graphite Research Group (NGRG),
1
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Manchester, headed by Professor Barry Marsden. Researchers in the NGRG have 
studied extensively the irradiation-induced behaviour of a variety of nuclear grade 
graphites and this work, carried out predominately at Cardiff University, 
compliments well with the work at the NGRG.
1.2. Nuclear Power
1.2.1 Overview
Less than one hundred years ago, the word ‘nuclear’ did not exist. Today it is a word 
that evokes an opinion in almost everyone. For a lot of people this opinion tends to be 
a negative one, instantly brining to the minds memories and images relating only to 
warfare. The Second World War, the Cold War era and also present day politics all 
invoke a sense of fear and distrust in what, for many people, is the unknown. In spite 
of all the negative connotations, ‘nuclear’ science can be used to good effect. Many 
countries have realised this and as a result nuclear power has been utilised across the 
world, with many countries keen to utilise this relatively new science to improve 
energy production.
The controversy surrounding nuclear power is well publicised, with the topic seeming 
to divide many people. Various advantages and disadvantages are being drafted up by 
both sides, with protestors focussing on safety issues, cost and the problem of long 
term nuclear waste; whilst the general scientific community are insisting on safety, 
efficiency and the environmental benefits arising from the lack of greenhouse gasses.
Unfortunately there is no hiding from the fact that accidents can happen and have 
happened. Incidents such as the Windscale fire (Cumbria, 1957), Three Mile Island 
(Pennsylvania, 1979) and Chernobyl in 1986 have done little to convince the general 
public about the safety of such facilities.
However, the effectiveness of nuclear power and its ability to produce vast amounts 
of energy using a relatively small amount of fuel is undeniable. It has a low carbon 
footprint and does not contribute directly to global warming due to its minimal impact 
on the ozone layer.
2
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1.2.2. Historical
"It is conceivable that when heavy nuclei are bombarded with neutrons these nuclei 
could break down into several fairly large fragments, which are certainly isotopes o f  
known elements, but not neighbours o f the irradiated elements."
Ida Noddack, "Angewandte Chemie", No. 47,1934.
This statement, although not taken seriously at the time, was the start of a paradigm 
shift in the thinking of the scientific community. Ida Noddack is seen as the first 
person to speculate about the realism of nuclear fission. The rest of the scientific 
community however, disregarded this proposal and considered the ‘splitting of the 
atom’ to be an absurd idea, impossible to prove experimentally. At this time it was 
thought that neutron bombardment simply added one atomic unit to the mass each 
time and thus produced the transuranic elements [3].
Initial nuclear research was carried out by Enrico Fermi and colleagues in 1934 when 
they started using neutrons as projectiles and began looking at the effects of neutron 
bombardment on an atoms nucleus [4]. Building on this work, Otto Hahn, Lise 
Meitner and Fritz Strassmann performed the first successful nuclear fission 
experiment in 1938, and discovered that an isotope of barium was produced from 
neutron bombardment of uranium [5]. This experiment proved Noddack’s hypothesis 
to be correct; it was a breakthrough and essentially marked the discovery of nuclear 
fission, arguably one of the most important scientific discoveries of all time. The 
findings to this study were published in the famous journal Die Naturwissenschaften\ 
and, for this work, Otto Hahn received the Nobel Prize for chemistry in 1944 [6].
Extensive work into this field began shortly after Hahn’s discovery largely due to the 
start of the Manhattan Project and the quest to build the world’s first fission (atomic) 
bomb. In 1942 Enrico Fermi supervised the assembly of the world’s first artificial 
nuclear reactor, known as Chicago Pile-1 (CP-1), which initiated the world’s first self- 
sustaining nuclear reaction. The reactor achieved criticality before being shut down 33 
minutes later by Fermi [7]. The neutron moderator used in CP-1 was graphite,
3
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although the purity of the graphite used was not comparable to nuclear graphites 
which are commercially available today. CP-1 used approximately 385.5 tonnes of 
graphite, produced from a variety of different sources all with differing properties [8].
The success of CP-1 led to further work in the area; however it was almost a decade 
until the energy from a nuclear reactor was harnessed for the generation of electricity. 
In 1951, the Experimental Breeder reactor (EBR-1) reached criticality, in the Idaho 
desert and generated enough electricity to power four 200 W light bulbs [9]. The 
power output increased and EBR-1 was used for experimental purposes until it was 
decommissioned in 1964 [10].
1.23. Reactor Design and Engineering
The International Atomic Energy Agency (IAEA) reported that in December 2009 
there were 436 reactors worldwide across 31 different countries [11], Figures have 
shown that despite a small decline since 2007, the amount of energy generated 
through nuclear power is estimated to be currently around 2558 TWh annually, 
supplying approximately 14% of the worlds electricity demand [12].
Generation I
-  Shippingport
- Dresden. Fermi I
- Magnox
Generation n
Commercial Power 
Reactors
- LWR-PWR. BWR 
-CANDU
- WER/RBMK
Generation m
_ .VS :
- A BWR
- System 80+
- AP600
- EPR
Near-Term
Deployment
Generation 111+ 
Evolutionary 
Designs Offering 
Improved 
Economics
Generation IV
-Highly
Economical
-  Enhanced 
Safety
- Minimal 
Waste
- Proliferation 
Resistant
Gen l!l+
2020
Gen IV
Fig. 1.1: A timeline of nuclear reactor design [13].
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Today there are many types of nuclear reactor in operation around the world, with a 
variety of different coolants and moderators available to choose from. Reactors are 
divided into categories based on their design e.g. Generation I reactors are the earliest 
type of design whereas Generation III reactors are considered the most modem and 
advanced type of reactor (Fig. 1.1)
Generation IV are proposed ‘ultra-modem’ reactors that are currently being 
researched offering superior safety and reliability with advancements in sustainability 
and economics [14]. Currently the UK has only Generation I and II type reactors in 
operation [15].
1.2.3.1. Nuclear Power in the United Kingdom
The British nuclear program started in 1946 with the development of GLEEP 
(Graphite Low Energy Experimental Pile) which was a low powered (0.05 MW) air 
cooled, graphite moderated reactor [16]. It began operating in 1947 and was the first 
working reactor in Western Europe.
Following this, two new reactors were built at Windscale in 1950 with the intention of 
providing plutonium for the UK weapons program [17]. Shortly after an electricity 
generating reactor was built nearby at Calder Hall and was a Generation I type 
Magnox reactor. Magnox (magnesium non-oxidising) reactors became the reactor of 
choice in the UK and were subsequently built at ten other locations around the 
country [18]. Magnox are CO2 cooled and graphite moderated, operating at ~ 390 °C. 
The fuel assembly consists of natural uranium encased in a magnesium-aluminium 
alloy (Magnox), and unlike previous reactors the reactor core is contained within a 
pressure vessel [19]. Presently there are four Magnox reactors still in operation in the 
UK with expected shutdown estimated around early 2011 [18].
1.2.3.2. Advanced Gas-Cooled Reactor (AGR)
The next generation of reactor was first built in 1962 and the design was an 
improvement on its Magnox predecessor. The Generation II reactor was the advanced 
gas-cooled reactor (AGR) which is also CO2 cooled and graphite moderated. The 
initial prototype AGR produced 110 MWh of power however by the late 1970s such
5
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designs could produce over 1 GWh per reactor [19]. AGR reactors operate at higher 
temperatures to the Magnox design, ~ 650 °C, thus improving the thermal efficiency. 
Other advancements include improved safety measures, and the use of enriched 
uranium means refuelling is required less often, though power can still be produced 
whilst refuelling is taking place in these AGR designs [20].
Advanced gas cooled reactor e tc* tnd ty  to grid
Pump
Gas circulator
Fig. 13: Schematic o f a typical AGR reactor [21].
There are currently 14 AGR’s in operation in the UK [22] over six nuclear sites, four 
of which are planned to be closed by 2015 [15].
1.2.4. Neutron Moderators
Neutron moderator are needed in order to slow down the fast moving neutrons 
(emitted as fission products) to a velocity of a few kilometres per second; at this 
velocity the neutrons are much more likely to cause further fission, thus giving rise to 
a self-sustaining chain reaction.
Essential to a good neutron moderator is the ability of the substance to essentially 
reflect neutrons, while absorbing some of their energy via elastic collisions. Materials 
consisting of lighter atoms are better at this since more energy is transferred per
6
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collision the lighter the target nucleus is. After multiple collisions with the moderator 
the neutrons become sufficiently de-energised, such that their velocity becomes 
comparable to the thermal velocities of the nuclei; these neutrons are then called 
thermal neutrons. A thermal neutron typically has an energy of around 0.025 eV, 
corresponding to a velocity of 2.2x105 cm.s'1. A fast neutron has energies typically in 
the order of 2.0 MeV [23].
When assessing moderating capabilities of a given material, the ‘slowing down 
power’ is considered. This accounts for the number of atoms per unit volume (i.e. the 
density of the material), the average energy loss per collision and the scattering cross- 
section of the moderator. A good moderator will have a large slowing down power 
and a low neutron capture cross section, leading to an overall high ‘moderating ratio’, 
however; cost is also an important issue to consider. The main materials used as 
neutron moderators are beryllium or beryllium oxide, water, heavy water and 
graphite [24], The moderating properties of each are summarised in table 1.1.
Table 1.1: Different moderator properties. Taken from reference [24].
Moderator s A s te rn '1) ^ s/S a p(g/cm3)
Graphite 0.158 0.063 200 1.65
Be 0.206 0.16 150 1.84
BeO 0.17 0.11 180 2.80
H20 0.93 1.5 70 1.00
d 2o 0.51 0.18 21000 1.10
Where, £ is the average logarithmic energy decrement for each neutron collision, £ Zs 
is the slowing down power (£s refers to the level of scattering and Ea to absorbtion) 
and £ Ss / I a is the moderating ratio.
Beryllium is a good moderator however it is relatively difficult to machine, is 
expensive and also poses a toxicity threat. Water is also a very good moderator and is 
very cheap and easy to handle, however hydrogen readily absorbs neutrons and as a 
result, in early reactors, enriched uranium was required which used to be a costly 
process. Heavy water has a very high moderating ratio however the cost of generating
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the deutriated water is very high [25]. Overall, many scientists and engineers see 
graphite as the moderator of choice. It is cheap and easily machined, non-toxic and 
offers acceptable moderating capabilities [24] as well as being able to maintain its 
strength even at very high temperatures; it is also desirable as it can be manufactured 
at extremely pure levels, on an industrial scale [26]. However a major concern is that 
upon irradiation the properties of graphite are markedly altered. It should be 
mentioned though that despite the many advantages of using graphite as a moderator, 
technological advancements have meant that light water moderators are no longer as 
expensive to use as they used to be and as a result it is the most commonly used 
moderator in use today.
1.2.4.1. Graphite as a moderator
As mentioned, in 1942, Enrico Fermi suggested the use of graphite as a neutron 
moderator in the first attempt to create a self-sustaining nuclear reaction (CP-1). 
Studies carried out around this time in the USSR also showed that graphite moderated 
nuclear reactors were desirable for many reasons [27].
Parallel to Enrico Fermi’s work, studies carried out by Eugene. P. Wigner in 
December 1942 showed that the graphite lattice would be distorted by fast neutrons 
emitted from the fission reactions [28]. These neutrons could strike the carbon atoms 
thus displacing from their lattice sites by momentum transfer therefore having a 
considerable effect on many of the properties of graphite (Wigner effect). 
Accompanying this is a build up of potential energy (Wigner energy) since the 
removed carbon atoms (interstitials) are now in non-ideal locations. If this energy is 
allowed to accumulate it could escape in a powerful rush of heat.
1.3. Manufacture of Nuclear Graphite
Naturally occurring graphite is mined in Sri Lanka, Madagascar, USA, Russia, South 
Korea, Mexico, Austria, the Czech Republic and Italy with the biggest producers of 
natural graphite being South Korea and Austria [29].
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The manufacture of artificial polycrystalline nuclear graphite focuses largely on 
purity. Purity levels exceeding 99.999% carbon are desirable and to achieve this the 
conventional manufacturing process is modified with care being taken to remove 
neutron absorbing impurities, such as boron [30].
The process is summarised below:
Calcined at 1300 °C
Milled and Sized
Mixed
Cooled
Extruded
Baked to 800 °C
Impregnated with Pitch
Graphitised to 3000 °C
Particles PitchFlourExtrusion Oil
Nuclear Graphite
Green Article
Baked Article
Calcined Coke
Raw Petroleum Coke
Fig. 1.4: The major processing steps in the manufacture of a typical nuclear grade graphite [30].
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There are two phases that make up polygranular graphite, the filler material and the 
binder phase. In the USA the most common filler material used is petroleum coke 
whilst in Europe a coke derived from coal-tar pitch was preferred [30]. In the UK, 
naturally occurring bitumen found in Utah, USA, known as Gilsonite, was used in the 
AGRs [31].
The binder phase used is typically a coal-tar pitch, derived from the distillation of coal 
tar. It is an inexpensive material that could be produced in massive quantities. The 
pitch has the property of being solid at room temperature but fluid at higher 
temperatures, thus allowing thorough mixing of the filler and binder.
m m m
Fig. 1.5: Marsh-Griffiths model o f the graphitisation process [33], defined as a solid state 
transformation o f thermodynamically unstable non-graphitic carbon into graphite by thermal 
activation [34]. It is important to note that after graphitisation the crystal structure is still not ‘perfect’ 
and there is approximately one stacking fault in every six layer planes o f the ABAB structure.
After graphitisation the graphite is finally purified and then ready to be machined into 
the desired shape. A typical graphite brick used in a reactor core is shown below [31].
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Once mixed the coke particles are now said to be plasticised and therefore can be 
easily formed through extrusion, moulding and isostatic pressing. Further baking 
carbonises the binder phase before pitch impregnation is used to increase density and 
strength. Finally intense heating over several weeks (2800-3000 °C) allows migration 
of the carbon atoms to a more thermodynamically stable state, e.g. into a graphite 
lattice and the removal of any volatile impurities. This final step is known as 
graphitisation and is commonly completed in a Acheson or longitudinal furnace [32].
Fig. 1.6: A typical AGR graphite sleeve (left) and an AGR core under construction in Tomess (right).
1.4. Different Graphites grades
There are a variety of different nuclear grade graphites used throughout the world, 
each with varying properties, porosity and density determined by the desired bulk 
properties. Some countries may prefer a certain type of graphite depending on the 
type of reactor they wish to use, however all nuclear grade graphites are made in a 
similar process to that described above. Some of the larger international graphite 
producing companies in the world today include SGL Carbon (Germany), Graftech 
International Ltd (USA) and Toyo Tanso (Japan):
1. GrafTech (Previously: British Acheson Electrodes Ltd (BAEL), which then 
became United Carbide Corporation (UCAR)).
11
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2. SGL (Previously Anglo Great Lakes (AGL) later amalgamated with Pechiney 
in France)
BAEL was based in Sheffield and AGL in Newcastle-on-Tyne, both factories no 
longer manufacture graphite in the UK and the factories no longer exist.
1.4.1. Pile Grade-A (PGA) Graphite.
Fig. 1.7: A polarised optical micrograph o f PGA showing aligned needle like filler material and the 
inherent porosity (courtesy o f Dr A. Jones).
PGA is derived from a petroleum coke which is a by-product of the oil refining 
process. The coke filler particles are shown in Fig. 1.7 and are large needle shaped, 
these are generally aligned due to the extrusion process with the layer planes in PGA 
tending to lie parallel to the extrusion axis. PGA is an highly anisotropic graphite with 
very high levels of open porosity (~ 11%) [35].
1.4.2. Gilsocarbon
Gilsocarbon is made using Gilsonite coke particles. This coke is manufactured from a 
naturally occurring asphalt coke discovered in Utah, USA by Samuel Gilson in 
1884 [31]. The asphalt is refined and the bi-product is the Gilsonite coke required.
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The Gilsonite gives rise to large, spherical onion-like filler particles (Fig. 1.8) and is 
also characterised by areas of longitudinal porosity and gas evolution pores in the 
binder phase. Gilsocarbon is an isotropic graphite, and has a higher density and 
strength than PGA with less open porosity. The molding process means the coke 
particles are randomly orientated.
Fig. 1.8: A polarised optical micrograph o f Gilsocarbon showing large onion-like spherical filler 
particle and many gas evolution pores (courtesy of Dr A. Jones).
1.4.3. Graphite in Generation IV Reactors
Graphite has been highlighted as a major component in the design for the future build 
of the Gen IV type very high temperature reactor (VHTR). The VHTR design is 
helium cooled and graphite moderated as well as using graphite in the fuel 
assembly [14]. Operating temperatures are predicted to be in the range of 1000 °C 
allowing the production of heat which can be used to produce hydrogen from water 
using various techniques as well as obviously generating electricity. Test reactors for 
the VHTR design are currently being built in China [36].
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The fuel for these reactors involves the use of TRISO particles. These are multi­
layered micro fuel particles consisting of a uranium dioxide core (0.5 mm) surrounded 
by a porous carbon buffer, a layer of silicon carbide and another layer of pyrolytic 
carbon. This TRISO particle is encased in a graphite matrix, giving a final spherical 
fuel sphere of approximately 60 mm diameter [37].
Fuel element design for PBMR
5mm Graphite layer 
Coated particles imbedded 
jn  Graphite Matrix
Diameter 60mm V Pyrolytic Carbon
Fuel Sphere Silicon Carbite Barrier Coating
Inner Pyrolytic Carbon 
Half section - Porous Carbon Buffer
Diameter 0,92mm
Coated particle
Diameter 0,5mm 
Uranium Dioxide
Fuel
Fig. 1.9: Make-up o f a TRISO fuel particle to be used in VHT reactors [38].
The use of graphite in this design means that it is important to understand its 
behaviour under high dose and high temperature and to understand the associated 
property changes [14].
1.5. Disadvantages of Graphite
1.5.1. Wigner Effect
Parallel to Enrico Fermi’s pioneering work with CP-1, Eugene. P. Wigner and his 
team were busy working on constructing a large plutonium-producing pile. This work 
led Wigner to postulate that high energy neutrons would act as projectiles and would 
displace the carbon atoms within the graphite crystals from their equilibrium lattice
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sites thus changing the properties and behaviour of the graphite in such a way as to 
adversely affect the operation of the reactor [39].
Early research carried out in metals showed that property changes in metals were due 
to the generation of point defects caused by irradiation. It wasn’t long before this idea 
was applied to graphite. The two main types of defect associated with graphite 
irradiation are vacancies and interstitials shown simplistically in the diagram below.
o o o o o  o o o o o
O  O  O  O  O  ___  O  O  O qO  O  a Va“"c* 
O O O O O  FastparticleO O □ O O O Interstitial
OOOOO lradlation o o o o o
Fig. 1.10: Simplistic illustration o f the formation of a Frenkel pair.
Vacancies are simply locations once occupied by atoms, which are now unoccupied. 
An interstitial is an atom that has been removed from its ‘ideal’ location and now 
resides in a (typically) higher energy location that would not usually be occupied by 
an atom. A nearby pairing of vacancy and interstitial is known as a Frenkel defect or 
Frenkel pair. It is the accumulation Frenkel pairs and associated irradiation-induced 
defects that are believed to lead to the observed changes to the physical properties of 
graphite throughout the reactor lifetime [40].
Such defects lead to significant dimensional changes throughout the bulk of the 
graphite crystal and as a result properties such as thermal conductivity, electrical 
conductivity, elasticity and strength are affected [41-45].
Other interesting and important property changes include dimensional change, a 
change in the co-efficient of thermal expansion (CTE) and irradiation creep. 
Dimensional change is an important aspect since it has a macroscopic affect on the 
graphite bricks, potentially challenging the integrity of the core structure. Radiation 
damage causes an expansion in the c-axis, due to the generation of interstitials, and a 
corresponding contraction in the a-axis, due to the collapse of vacancy defects and a
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graphitisation process meaning that in order to reduce the affect of dimensional 
change a highly graphitised material should be chosen with larger crystallites. Direct 
measurements of the CTE of HOPG shows that it is an order of magnitude higher in 
the c-axis than in the a-axis [40]. CTE is temperature dependant and also dependant 
on the graphite crystallite size due to accommodating porosity. At temperatures below 
300 °C the CTE in the c-axis decreases with dose, until it reaches a constant value 
whereas the CTE in the a-axis increases with dose [49]. The relationship between 
initial dimensional change rate and CTE has been found to be linear at low doses [50]. 
Irradiation creep is an interesting phenomenon that occurs in irradiated graphite and 
works to relieve the stresses caused by non-uniform dimensional change. The 
mechanisms behind irradiation creep are poorly understood it is suggested, however 
that creep occurs due to the slipping of graphite basal planes due to pinning by fast 
neutron irradiation and unpinning under load [51]. The general consensus is that the 
creep behaviour of graphite is closely related to the dimensional change [52], the 
CTE [53], Poisson’s ratio [54] and Young’s modulus [55].
1.5.2. Wigner Energy
An important consequence of neutron irradiation of graphite is the build up of 
internal, stored energy known as Wigner energy. As mentioned, this is a form of 
potential energy associated to the displaced atoms residing in non-ideal locations as a 
result of the neutron-atom interactions. When enough Wigner energy is stored in a 
graphite system then it becomes a possible hazard since there is the potential for the 
energy to suddenly release itself in the form of heat. This can occur when the 
interstitial atoms overcome their thermodynamic barrier to recombination, resulting in 
Frenkel pair annihilation and the subsequent release of energy.
Wigner energy release has been linked to the Windscale disaster of 1957, where the 
temperature of the graphite core rose considerably and rapidly, damaging the fuel 
cladding and consequently oxidising the uranium, resulting in a fire [17]. Since then 
the dangers surrounding Wigner energy release have been of concern to those in the 
nuclear community and the processes involved in its build up and release have been of 
general scientific interest. The accumulation of Wigner energy can be controlled by 
carefully heating the graphite components so as to release any built up Wigner energy
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in a controlled and safe manner, this process known as annealing was commonly used 
in industry to overcome the risks involved; however in the case of the Windscale 
disaster erroneous temperature readings meant that this could not be done 
effectively [17], leading to rapid damage to the fuel cladding and subsequent 
oxidising of the uranium fuel.
The annealing of graphite means that Wigner energy is only really of concern in 
reactors operating below ~ 130 °C, since above this temperature Wigner energy 
would not accumulate as it would be instantly annealed out [56] and therefore 
graphite components of the Magnox (PGA) and AGR fleets (Gilsocarbon) can be 
disposed of without considering the effect of Wigner energy, however the earlier test 
and plutonium production reactors, employed particularly in the UK, operated at 
much lower temperatures; meaning that the graphite used is susceptible to Wigner 
energy accumulation. Other low temperature reactors include Oak Ridge X-10 and the 
French G-l reactors [57]. A build-up of Wigner energy becomes a problem for those 
concerned with the decommissioning of these graphite cores since if some external 
event or some internal chemical reaction causes the temperature of the graphite to 
increase then a significant release of Wigner energy can occur [58]. Under certain 
conditions the temperature can rise above the specific heat capacity of the graphite 
resulting in a self-sustaining release of Wigner energy [56], posing a danger to those 
involved with its handling. Samples of graphite have been found to contain as much 
as ~ 2700 Jg'1 of stored, Wigner energy, which if all released at once could 
theoretically lead to a temperature rise of ~ 1500 °C assuming adiabatic conditions. 
For these reasons some authors have deemed it unacceptable to store or dispose of 
graphite containing significant releasable stored energy, such graphite should be 
annealed to remove the energy which could cause self-heating [59]. The release of 
stored energy in the repository may damage the repository leading to the possibility of 
water easily leaching into the waste.
1.5.3. Graphite Waste
The UK has the largest inventory of irradiated graphite, with approximately 94,000 
tonnes, 81,000 of which is intermediate level waste assumed to require deep 
geological disposal. Graphite waste is problematic due to the significant amounts of
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long-lived radionuclides such as 14C and 36C1, and in some cases the potential risk of 
releasing stored Wigner energy. These issues must be considered if an effective long­
term waste management program is to be established [60] Presently there is no 
internationally accepted solution for dealing with graphite waste. Because of the 
safety issues raised by potential Wigner energy release, UK Nirex Ltd, responsible for 
managing the waste from Windscale Pile 1, has assessed in detail the significance of 
Wigner energy and have developed models and appropriate disposal concepts to deal 
with any safety concerns [61]. Some authors deem it possible to store and dispose of 
graphite waste containing stored energy by using non-grouted packages since it is the 
overheating of the packaging caused through the release of stored energy as the grout 
exothermic reaction takes place that is the issue; potentially causing the packaging to 
become damaged.
1.6. Scientific Proposal
This project will involve ion irradiating samples of nuclear grade graphite, 
predominately Magnox PGA, with a reference material of highly-orientated pyolytic 
graphite (HOPG) in an attempt to simulate the affects of neutron irradiation. Using 
ions to induce damage into materials is a proven concept which has the advantage, in 
this case, of not producing any radioactive isotopes within the graphite thus 
eliminating the need for expensive laboratory equipment to handle and prepare the 
samples. Ion irradiation is also relatively simple and can be carried out with standard 
vacuum equipment at relatively low cost. Ion irradiation will induce damage into the 
graphite system allowing for a thorough investigation into its effects, particularly on 
the microscopic level, focussing on the breakdown of lattice structure and the possible 
generation and release of stored, Wigner energy.
1.7. Summary
The behaviour of graphite under irradiation is well documented, however despite this 
further knowledge is required in order to understand the fundamental processes 
occurring on the atomic scale. Wigner energy, its accumulation and release, is still 
really poorly understood and even though the majority of graphite moderated nuclear 
reactors used have operated at high enough temperatures so as to reduce its impact
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significantly, there are still a few thousand tonnes of graphite worldwide which may 
require treatment and disposal in order to remove the high levels of Wigner energy. 
The IAEA and the National Decommissioning Authority (NDA) highlight that 
Wigner energy is a potential safety risk and as a result a scientific study into its build­
up and release can be of great importance not to mention of scientific interest 
generally. Other aspects of irradiation-induced damage will also be studied 
extensively in order to understand the loss of crystallinity and the tendency towards 
amorphisation. The recovery of such damage will be monitored through systematic 
annealing of the samples, thus allowing recovery mechanisms to be analysed.
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Experimental
2.1. Introduction
The irradiation of solids by charged particles has been an area of scientific interest for 
some time; with early experiments involving only low energy radiation. However, these 
early experiments led to such discoveries as the phenomenon of sputtering, the process by 
which solid atoms are ejected into the gas phase following the impact of highly energetic 
ions [1]. Such observations were made as early as 1852 by Sir William Grove who 
created the worlds first sputter deposited metal film, describing the process as “cathodic 
disintegration” [2].
Since the discovery of radioactivity in 1896 by Henri Becquerel [3], and therefore the 
availability of higher sources of energy, many bulk affects have also been observed. 
Insights into bulk irradiation damage were achieved early on, with early work carried out 
by Joly [4] relating the pleochoric holes in minerals such as mica to bombardment 
damage due to radioactive elements. Shortly after the building of the first of nuclear 
reactor in 1942 much work was done both experimentally and theoretically on the effects 
of radiation on solids in general [5-6]. However, with the role of graphite in the nuclear 
field becoming prominent, the affects of radiation of graphite became a focal point of 
scientific research.
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The invention of the mercury vapour diffusion pump by Wolfgang Gaede in 1913 [7] 
(subsequently improved by Irving Langmuir) allowed much lower pressures than those 
previously used experimentally by Thompson and others working in the mass 
spectroscopy field. Further modifications by Cecil Burch in 1928 used low-vapour 
pressure oils to achieve even lower pressures [8]. After the second world war, Kai 
Siegbahn and others [9] employed this technology and built the first ESC A (electron 
spectroscopy for chemical analysis) high vacuum spectrometer capable of carrying out 
what is now known as X-ray Photoelectron Spectroscopy (XPS) [10]. Modified versions 
of this original instrument are still used today, with UHV technology being widely used 
in many scientific fields, particularly in physical chemistry and surface science.
2.2. Ultra High Vacuum (UHV)
2.2.1. The Ion Bombardment Vacuum Chamber
In order to carry out the ion irradiation of graphite effectively, it is necessary to achieve 
high vacuum conditions in order to minimise contamination and allow for effective ion 
bombardment of the graphite samples. In order to do this a custom designed UHV 
chamber was built at Cardiff University, specifically to irradiate small samples with inert 
gas ions. The system used (Fig. 2.1) was constructed from UHV compatible stainless 
steel and used an oil diffusion pump to achieve the low pressures required. Although 
theoretically UHV is not essential for successful ion impact, the acquisition of even lower 
pressures can only provide a cleaner system, and hence improve the experimental 
environment.
The system is equipped with an ion sputtering gun, fast entry lock for rapid sample turn 
around and a sample probe (with a custom sample holder constructed in-house) with the 
facility to cool and heat the sample between 80 K and 700 K. A gas line has also been set 
up to facilitate the transfer of the irradiating gas from the gas cylinder, straight into the 
ionization chamber within the ion gun.
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Fig. 2.1: Custom built UHV chamber used for ion irradiation.
2.2.2. Vacuum Theory
A vacuum environment is considered to be at UHV when the pressures are lower than
Q
10* mbar (~10 Pa). Table 2.1 summarises the different degrees of vacuum [11]:
Table 2.1: Definition of vacuum regimes [11].
Definition Pressure (mbar)
Low Vacuum 1 0 3 - 1
Medium Vacuum I —10' 3
High Vacuum (HV) 1 O' 3 -  1 0 B
Ultra High Vacuum (UHV) 1 0 '8-  1 0 12
Extreme High Vacuum (XHV) < 1 0 ' 12
At UHV pressures the behaviour of molecules is significantly different from that at 
‘normal’ atmospheric pressures ( 1 0 0 0  mbar), especially in relation to the molecules’ 
mean free path.
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The mean free path of a molecule is the average (mean) distance traveled by a molecule 
before it collides with other particles, and is given by Eq. 2.1:
Where kB is the Boltzmann Constant (1.38lxlO'23 J.K'1 ), T is the temperature in Kelvin, 
d is the diameter of the molecule (m) and P is the pressure (mbar).
same molecule could travel, on average, 660 km before colliding with another molecule. 
That is, as the pressure decreases the mean free path increases in a linearly proportional 
manner [12].
Knudsen, is a measure of the ratio between the mean free path of a molecules and a 
representative length scale. It is written as follows [12]:
X is the mean free path of the molecule in meters and L is the representative length scale 
of the system in meters.
When X »  L, that is Kn »  1, the molecules within the system will have a mean free path 
comparable to the length scale of the system. This means that the molecules 
predominately collide with the walls of the chamber and do not follow a uniform 
trajectory, instead the molecules move around from wall to wall in a random fashion and
(Eq. 2.1)
At atmospheric pressure ( 103 mbar) a N2 molecule in a vessel at 295 K will travel only 
6.6 x KT6 cm before colliding with another molecule; however at UHV ( 10'10 mbar) the
The most important effect on the level of vacuum within a system is the behaviour of the 
gas molecules inside. The Knudsen number (Kn), named after Danish physicist Martin
X _  kBT
(Eq. 2.2)
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are therefore pumped away differently; that is, they are not physically pulled in towards 
the pump (as in a vacuum cleaner for example) but instead are pumped away when the 
molecules collide with the pump and get trapped in it. From this, it follows that that the 
diameter of the various pipes, flanges etc. must be taken into consideration, since the 
diameter of the inlet flange to the pump will have a direct effect on the pumping speed. It 
can be calculated that for pressures below 2x1 O'3 mbar the mean free path becomes such 
that, in the smallest diameter flanges and pipes typically used in UHV ( 34 mm nominal), 
collisions with the system walls predominate and we can say that the gas has entered free 
molecular flow [12].
2.2.3. Achieving UHV Conditions
In order to achieve such low pressure conditions specialised equipment must be used, 
with different options available for different applications. Tightening of the steel bolts 
must be done with care, making sure that even pressure is applied to the gasket all the 
way around so as to create a strong metal-metal seal. When handling the internal 
equipment in the chamber gloves should be used to avoid any grease contaminating the 
internal surfaces. A variety of pumps can be used to achieve UHV conditions, each of 
them operating in a different way; this project used only one custom-built vacuum system 
(Fig. 2.1) which used a diffusion pump to achieve the low pressures.
2.2.3.I. Diffusion Pump
The diffusion pump used in this system was an Edwards E04 oil diffusion pump and the 
oil used in this pump was Santo vac 5® which is a polyphenyl ether with a boiling point of 
476.1 °C at atmospheric pressure [13] and a vapour pressure at 25 °C equal to 
~ 4.0 x 1010 torr (~ 5.33xlO'10 mbar) [13],
The basis of a diffusion pump is described in detail elsewhere [12], but put briefly, oil is 
heated from the bottom, causing the molecules to evaporate and rise. They then get 
deflected downwards at high speeds where they interact with the gas molecules nearby
27
Chapter 2 Experimental
dragging them down towards the exhaust where they are pumped away by the backing 
pump. That is, for a diffusion pump to work effectively it must be ‘backed’ by another 
pump which works to carry away the gaseous molecules. Typically, a standard rotary 
vane pump is used for this. Oil is not lost since the perimeter of the diffusion pump is 
water cooled, causing condensation of the molecules as they reach the sides. Before a 
diffusion pump can be used the system must be brought down from atmospheric pressure 
to a pressure of 10' -  10' mbar; this is achieved through a simple rotary vane pump.
2.2.4. Monitoring the System Pressure
To monitor the pressure in a vacuum system, two types of gauge are commonly used: 
pirani gauges and ionization gauges (based on the Bayard-Alpert design). Firstly, a pirani 
gauge is used to measure relatively higher pressures in the region of 0.5 -  10' mbar. 
They are typically connected to the backing / rotary pumps and are used to measure the 
roughing pressure generated by these. Ionisation gauges measure pressures in the range 
10'3 mbar - <10*10 mbar. More information on the operation of pirani gauges and 
ionization gauges can be found elsewhere [12]. The ion bombardment chamber at Cardiff 
was equipped with a VG ZVIG-22 hot-cathode ionisation gauge, which is of a Bayerd- 
Alpert design and fitted with tungsten filaments.
2.2.5. Operating the Vacuum System
2.2.5.1. Baking the System
In order for the system to pump down to UHV effectively it is first necessary to bake the 
system. Baking involves heating the entire system, whereby at elevated temperatures it is 
far easier for surface adsorbed molecules to desorb and get pumped away. Also any gas 
molecules and contaminants present within the bulk of the stainless steel can diffuse 
more rapidly to the surface, where they too can desorb and get pumped away. The baking 
temperature used can vary from system to system but between 100 °C and 200 °C for a 
period of approximately 24 hours is typical. Temperatures exceeding 100 °C are required
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in order to remove the water vapour that is inevitably present. However, care is taken not 
to reach too high temperatures as damage to the seals, joints etc becomes a possibility. 
There are also safety issues involved with leaving such a large system at such high 
temperatures, unattended overnight.
Bakeout is required in order to tackle the problem of outgassing. Stainless steel is 
permeable to many molecules with others easily adsorbing onto the surface. It is the 
desorption of these molecules that can lead to pressures staying relatively high. An 
appropriate bakeout can reduce outgassing rates by more than three orders of magnitude, 
resulting in pressures of 10'10 mbar and below. Typical gasses that tend to outgas from 
the steel chamber are H2, O2, CH4 , CO and H2O (water vapour) [12]. Another obstacle to 
even lower pressures is the diffusion of hydrogen, from the atmosphere, through the 
stainless steel and into the vacuum environment. Hydrogen from the air can easily 
permeate through the system walls, more so as the pressure decreases. This can become 
significant at UHV and stops the pressures from getting even lower.
In order to bake the ion bombardment chamber at Cardiff, the system is covered in 
heating tape which can be heated through electrical resistance up to approx 160 °C. Care 
is taken to ensure that the tape is distributed around the system in equal quantities all over 
to produce the same level of heating to all parts of the system. This is important as a 
cooler area, known as a cold-spot, may act to re-adsorb some of the desorbed molecules, 
thus counteracting the effect of the pump. These molecules will then re-distribute 
themselves around the system when the system cools back down, thus leading to a 
slightly elevated pressure. Aluminium foil is used to cover the heating tape, acting as a 
heat insulator. The heating tape is switched on and a thermostat is used to monitor the 
temperature; the system is then left for approximately 24 hours whilst being continually 
pumped.
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2.2.S.2. Loading a Sample
To load a new sample the system is isolated from the diffusion pump and vented with 
inert gas, typically N2 . The sample is placed inside the sample holder (Fig. 2.2) and 
loaded into th§ system, so that it is sitting directly underneath the ion gun. As always, 
gloves are used to minimize contamination. Once in place the front door is closed and the 
system is roughed down to 1 0 ' 2 mbar, before being opened up again to the diffusion 
pump where it is pumped down to UHV conditions.
1 1 r y .yiiVY''' '.y ' ■ -V ~ : ^
Fig. 2.2: From left to right: custom made graphite sample holder, typical PGA disc used, and a piece of 
HOPG.
2.2.6. Methods of Sample Irradiation
The effective ion irradiation of graphite forms the basis of this project and thus it follows 
that the method of ion irradiation and the various parameters such as ion energy, sample 
current and total fluence play a very important part of this study. A variety of different 
techniques were utilised in order to irradiate the graphite samples, the majority of the 
work being carried out in Cardiff, whilst the higher energy work was carried out at the 
Ion Beam Centre in Surrey and at the Institute of Nuclear Physics, at the Universitie de 
Lyon, France. A brief description of the different methods of sample irradiation, and the 
equipment used is outlined below.
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2.2.6.1. Cold-Cathode Ion Gun
A VG AG2 ion gun was used extensively to irradiate the samples in the custom built 
vacuum chamber at ion energies between 1 - 5 keV. The gun is specifically designed to be 
UHV compatible and is placed at the top of the system, directly above the sample, such 
that the ion beams strike the sample normal to the surface.
2.2.6.2. Higher Energy Facilities (See Chapter 6)
2.2.6.2.I. Surrey Ion Beam Centre
Samples were irradiated with Cw++ ions of energies 200 keV, 400 keV and 800 keV on 
line 1 of the 2 MeV Van de Graaff accelerator at Surrey. The implanter was installed in 
1991 and has produced beams of many types of ion up to 4 MeV with excellent mass 
resolution, beam purity and uniformity. The machine is capable of achieving beam 
currents as high as 50 pA [14].
Fig. 23: Photograph of the high-energy ion implanter at the Surrey Ion Beam Centre.
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2.2.6.2.2. Universitie de Lyon, France
Some samples were irradiated in France at the Institute of Nuclear Physics, Universitie de 
Lyon. Samples were irradiated on the Van De Graaff facility with high energy H e^ and 
A t ions, the multiple charging is required in order to achieve the high energies of 7.5 
and 8.0 MeV respectively. The system produces highly pure ion beams able to uniformly 
irradiate a surface of 1.0 cm2. The Van De Graaff generator is housed upstairs and the 
ions are projected downwards before being deflected 90° and focused towards the 
sample.
Fig. 2.4: (left) Van De Graff generator housed upstairs and (right) the beam line at 90° to the generator. 
The samples are held to the far right of the picture at the end of the beam line.
2.3. Characterisation Techniques Employed -  Spectroscopic and Analytical
Within this project a variety of different spectroscopic and analytical techniques were 
utilised in order to gain valuable information on the effect of sample irradiation. Raman 
spectroscopy was used extensively to gain information on the irradiation induced damage 
to the graphite, whilst other techniques included differential scanning calorimetry which 
was used to detect any heat release in the samples after irradiation, due to irradiation 
induced stored energy build-up. X-ray diffraction and x-ray photoelectron spectroscopy
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were used to probe for bulk and surface information respectively and microscopy was 
utilised to try and achieve a visualisation of the any ion damage at the atomic scale.
2.3.1. Raman Spectroscopy
2.3.1.1. Background/Theory
Raman spectroscopy is a spectroscopic technique that uses the interaction of 
monochromatic light (typically from a laser) with a molecule, to analyse the vibrational, 
rotational and other low-frequency modes of that system. A characteristic spectral pattern 
(“fingerprint”) is generated and quantitative or semi-quantitative analysis of the amount 
of substance in a sample can be obtained along with valuable accurate information on 
molecular bonding i.e. chemical structures and physical forms.
The technique is based upon the principle of the inelastic scattering of light; a 
phenomenon that has been known about since the 1920’s. Smekal [15] was the first to 
hypothesise the idea in 1923 and five years later the theory was experimentally proven by 
Raman and Krishnan [16] using sunlight focused by a telescope.
Light (photons) can either be absorbed by matter, scattered by it or can just pass straight 
through. For adsorption to occur the wavelength, and therefore the energy, of an 
incoming photon must correspond to the energy gap between the ground state and the 
excited state of a particular molecule within the sample; it is this change that is typically 
measured in adsorption spectroscopy. However, for scattering to occur this is not the 
case. The incident photon can interact with the target system, such that it is either 
scattered elastically or inelastically. During this event, the photon polarizes the electron 
cloud thus creating a short-lived higher energy state which is inherently unstable. This 
state quickly decomposes back down to lower energy, re-emitting the photon.
Elastic scattering involves the interaction with the electron cloud only, causing a very 
small change in the photons frequency; this tends to be the dominant process in scattering
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events and is known as Rayleigh scattering, the process responsible for the blue colour of 
the sky. However, sometimes (one in every 10 - 10 events) the incoming photon can 
interact with the nuclei so as to induce nuclear motion; due to the larger mass of the 
nuclei a significant energy change is involved and the process is therefore inelastic, and it 
is this process that defines Raman scattering [17].
Upon Raman scattering the subsequent energy change can either be higher or lower, 
depending on the initial vibrational state of the molecule. If the molecule initially existed 
in the ground state, then Stokes scattering occurs, but if the molecule initially existed in a 
vibrationally excited state then anti-Stokes scattering occurs. The processes of Rayleigh 
and Raman (both Stokes, and anti-Stokes) scattering are illustrated below (Fig. 2.5).
Virtual
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Vibrational
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n
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Stokes Rayleigh Anti-Stokes
Fig. 2.5: A diagram of the energy changes involved in the various photon scattering processes.
In either case, as stated previously, the energy of the virtual state is defined by the energy 
of the incoming laser. It is also essential to note that the majority of Raman scattering 
will consist of Stokes Raman scattering. This can be simply explained by the fact that 
most molecules at rest, and at room temperature, prior to interaction with the laser, are 
more likely to exist in the ground vibrational state.
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2.3.1.1.1. Molecular Vibrations
With molecular vibrations being the main focal point of Raman spectroscopy, Hooke’s 
law (Eq. 2.3) is both very important and practical for interpreting Raman spectra. It gives 
the relationship between frequency, the mass of the atoms involved in a particular 
vibration, and the bond strength for a particular diatomic molecule:
v is the frequency of the vibration, c is the velocity of light, k is the force constant 
between two masses (A and B) and p is the reduced mass ([mixm2/(mi+m2)]) of those 
two masses (A and B).
measure of bond strength, the stronger the bond, the higher the frequency will be [17]. 
Overtone vibrational modes can also be observed at higher frequencies, these will be 
discussed in more detail later.
2.3.1.2. Applications
The applications for Raman spectroscopy are not as extensive as those for Infra-Red 
spectroscopy. However Raman can be more effective for studying organic compounds, 
particularly those with double bonds which tend to be relatively weak in Infra-Red. With 
regards to this project, only graphite is being studied and Raman spectroscopy has been 
shown to be very effective for this, as illustrated by the large body of work in the 
literature. Raman is employed in this project as an effective means of measuring the C-C
(Eq. 2.3)
Hooke’s law allows us to understand why the lighter the involved atoms are, the higher 
the frequency of the vibration will be (i.e. C-H vibrations are located around 3000 cm'1, 
whilst C-I vibrations occur around 500 cm'1). Also, as the force constant is a direct
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vibrations in the graphite lattice, and how they change with ion irradiation. Analysing and 
interpreting these changes provides useful information on the nature of the ion effects on 
the system.
2.3.I.3. Instrumentation
Raman measurements were carried out using a LabRam HR confocal microscope from 
Horiba Jobin Yvon Ltd. Incident illumination of 514.5 nm was provided by a 10 mW 
cw-Ar laser and any annealing effects were considered negligible due to the relatively 
low power used [18]. The microscope was equipped with a x50 long working distance 
objective lens with a numerical aperture of 0.55 and a working distance of 8.1 mm 
producing a spot size of 1.4 pm. A * 10 condenser lens with a focal length of 300 mm was 
used to focus the laser onto the objective lens. A 1024 pixel CCD peltier cooled detector 
was used to detect the scattered radiation. The resultant Raman spectra was analysed via 
the Labspec 5.0 software program. A Lorentzian lineshape was assumed for all peaks and 
accurate peak intensities were obtained through numerical decomposition by fitting a 
polynomial curve to the data set and subtracting such that the baseline was zero.
Detector
Sample
Fig. 2.6: Simplistic schematic of a typical Raman setup [20].
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When conducting the Raman analysis the irradiated samples used are HOPG (5.0 mm x 
5.0 mm x 3.0 mm), unless stated otherwise. This is because polycrystalline graphites tend 
to be inhomogeneous causing difficulties when trying to obtain consistent Raman data at 
various positions on the surface [19].
2.3.2. Differential Scanning Calorimetry (DSC)
2.3.2.1. Background/Theory
DSC is a thermoanalytical technique which investigates the flow of heat throughout a 
sample. That is, DSC can provide information about heat loss or heat gain during 
physical transformations such as phase transitions. DSC requires a reference to be used 
alongside the sample being studied. The technique works by increasing the temperature 
of both the reference and the sample at the same rate, generally in a linear fashion with 
respect to time. At some point during heating the sample may undergo a phase transition; 
this will either require a greater, or lesser, amount of heat flow into the sample with 
respect to the reference; depending on whether the process involved is endothermic or 
exothermic respectively [21]. DSC has a vast variety of applications; however, in the 
context if this work it is used solely as a means of detecting any exothermic heat releases 
from ion irradiated graphite.
The DSC instrument is linked up to a computer and powered by associated software. An 
inert gas supply (in this case, N2 ) is also linked up to the system where it is purged 
through constantly, during an experiment, in effect helping to keep the system clean, 
minimising the chance of contamination, whilst more importantly preventing oxidation of 
the graphite. The rate of flow of the purge gas is set by the operator; however, rates 
between 20 -  50 ml min'1 are typical. A refrigerator is also used to achieve rapid cooling 
rates if necessary.
There are two main types of differential scanning calorimeter: heat flux DSC and power- 
compensated DSC. Both instruments consist of a sample pan and a reference pan (which
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is basically an empty sample pan) made of aluminium, which acts as a radiation shield. 
Aluminium also has a high thermal conductivity making it a suitable material. Both pans 
are then heated uniformly and the difference in heat flow between them is measured and 
displayed on screen in real time, in a plot against temperature. The temperature ramp can 
be accurately programmed to rise at a constant rate; this is known as ‘temperature 
scanning’. This project will utilise only the power-compensated instrument, a schematic 
of which is shown below (Fig. 2.7). This setup was pioneered by Perkin-Elmer, who have 
since manufactured many different types and models of power compensated DSC 
instruments.
Ftower Compensated DSC
Furnace_____
J L
' l  H - ,  ,  1
Temperature Sensor
Fig. 2.7: A schematic of a power-compensated DSC system as used in this study.
In power compensated calorimeters, separate heaters are used for the sample and 
reference. Both are heated identically whilst monitoring the electrical power used by the 
heaters. Temperature is recorded electronically by sensors situated directly underneath 
the samples. The high temperatures reached require platinum resistance thermometers to 
be used since platinum has a very high melting point.
The system consists of two temperature control circuits. One monitors the progress of the 
temperature control program thus assuring that the heat ramp set by the operator is the 
average temperature of the sample and the reference pan. The other circuit is a 
differential temperature control circuit and is used to measure the temperatures of both 
the sample and reference pans, relative to each other. The circuit can detect any 
differences in temperature and can adjust the heaters automatically in such a way as to
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maintain the same temperature in both. Essentially the system is maintained in a 
“temperature null” state at all times. It is the output of the differential temperature control 
circuit that is used to generate the DSC curve, which is the visual representation of the 
data obtained from the instrument via software on a computer. The amount of power 
required to maintain system equilibrium is directly proportional to the energy changes 
occurring within the sample. No complex heat flux Eq.s are necessary when using the 
power-compensated method since the system directly measures energy flow to and from 
the sample [22].
A small amount of the sample (typically between 0.1 -  100 mg ) is weighed out into a 
pan. The sample may be a powder, liquid or a crystal. A lid is then placed onto the pan 
and the assembly is compressed, sealing the sample inside. The instrument cells are often 
airtight to shield the sample and reference from external thermal perturbations.
During a DSC experiment the software package generates a real time graph, i.e. a heating 
or cooling curve. When a peak is displayed, the enthalpy of transition for that peak can be 
calculated by the following Eq.:
AH = KA (Eq 2.4)
Where AH is the enthalpy of transition, K is the calorimetric constant, and A is the area
under the curve. The calorimetric constant will vary from instrument to instrument and
can be determined by analyzing a well-characterised sample with known enthalpies of 
transition [21]. The value of A is determined by integrating the peaks; this may be easily 
done using the computer software.
2.3.2.2. Application
DSC is important to this work since it is a very effective way of monitoring small energy 
releases from a sample. In the study of neutron irradiated graphite much work has been
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published using DSC to monitor stored energy release, occurring as a result of neutron 
bombardment; hence it is hoped that the same methods may be applied to monitor any 
analogous stored energy release occurring as a result of ion-bombardment.
2.3.2.3. Instrumentation Used
The DSC used was a Perkin-Elmer Diamond DSC. This instrument works on the power 
compensation temperature null principle, measuring temperature and energy directly. The 
machine has a temperature range of -170 -  730 °C within an accuracy of ± 0.1 °C. The 
calorimetry has an accuracy of < ± 1% and a sensitivity of 0.2 pW [22].
2.3.3. X-Ray Photoelectron Spectroscopy (XPS)
2.3.3.1. Background/Theory
XPS is a surface sensitive technique, providing both qualitative and quantitative 
information. XPS can provide us with elemental identity of a surface and also the 
chemical state (oxidation state) in which the element is present.
The technique is based on the principle of the photoelectric effect. Initially discovered by 
Heinrich Rudolph Hertz [23] and subsequently explained mathematically by Albert 
Einstein [24] (Nobel prize 1921), the photoelectric effect is regarded widely as a huge 
leap forward in scientific thinking at the time, and led to important developments in 
quantum mechanics.
The theory involved states that when a material is irradiated with photons (typically X- 
rays) of energy hv then there is a certain probability that an electron (photoelectron) 
would be emitted from the target atom
40
Chapter 2 Experimental
Emitted photoelectron
P hoton (E=hv)
Fig. 2.8: Schematic representation of photoemission
This process is known as photoemission, and the energy of the photoelectron can be 
calculated and will relate back to the binding energy of the atom from which it came, 
hence providing elemental information.
binding ~~ Ephotan ~  Ekinetic ~  0  (Ecj. 2.5)
Where 0  is the work function of the instrument; in this particular case 0  =  4.2 eV [25].
The surface sensitivity arises from the fact that only the photoelectrons close to the 
surface will be able to ‘escape’ and reach the detector. That is, 99.9% of the 
photoelectrons detected have come from a distance no greater than 3A, where A. is the 
mean free path; this distance is usually in the region of a few nanometers. Photoelectrons 
coming from any deeper than this are highly likely to be scattered by other atoms, 
through inelastic collisions and other interactions and hence are unlikely to reach the 
detector [26].
2.3.3.2. Application
XPS is utilized in this project as an effective means of identifying the presence of any 
implanted species within the surface of the sample. We can use XPS to determine if
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implantation has occurred and if so come to some conclusions on the affect of the 
implanted ions on the structure of the graphite lattice. In ion bombarded graphite the ions 
are stopped within the graphite matrix, causing disruption to the ideal lattice. Analysis of 
the C Is peak is also known to provide some information on the type of carbon present; 
for example sp and sp carbon atoms will have slightly different binding energies, and 
this may be used in order to monitor the breakdown of structure in the sp2 bonded 
graphite system [27].
2.3.3.3. Instrumentation
The XPS instrument used was a Kratos Axis Ultra -  DLD, combining the next generation 
of photoelectron detector, incorporating quantitative, real time parallel imaging with 
highest resolution spectroscopy. X-rays are provided by a monochromatic A1 ka source, 
with an associated photon energy of 1486.6 eV.
2.3.4. X-Ray Diffraction (XRD)
2.3.4.1. Background/Theory
XRD is a broad term that encompasses a family of non-destructive analytical techniques 
that use X-Rays to obtain information from a target material. It can be a relatively quick 
and easy way of obtaining information on the crystallographic nature of a compound i.e. 
whether or not there is any long-range order, the arrangements of the atoms within that 
material, chemical composition and physical properties. It is a very effective bulk 
technique which relies on the elastic scattering of incoming X-Rays by the electrons 
present in the target material, to provide information on the structure of the target; the X- 
Rays are effective in doing this as their wavelength (1-100 Angstroms) is in the same 
region as the typical distance between planes within a crystal lattice.
Developing on earlier work by Max von Laue, William Henry Bragg and William 
Lawrence Bragg came up with Bragg’s Law in 1913 which describes the conditions
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required for constructive interference of scattered X-Rays from successive 
crystal lographic planes of the lattice [28]. Bragg’s law is given by Eq. 2.6:
nX -  2d  sin 6  (Eq. 2.6)
Where X is the wavelength o f the X-rays, & is the incident angle and d is the interlayer distance.
An illustration of this is shown below:
B
—• ----------- •  • ---------
Fig. 2.9: Illustration highlighting the diffraction phenomenon which is the basis o f XRD.
When the X-ray strikes an atom it is scattered by the electrons orbiting that atom. As a 
result a portion of the X-ray energy is re-radiated as a spherical wave. The large majority 
of the scattering events will cancel each other out in a phenomenon known as destructive 
interference, however if each scatterer (host atom) is arranged symmetrically and 
separated at a distance, d, then the spherical waves will be synchronized and hence add 
together constructively only when their path length difference i.e. AB + BC (or 2d sin 0) 
equals an integer of the wavelength, L Only these scattered X-Rays will reach the 
detector and so, from the 0  value of the observed reflection, the interlayer spacing, d, can 
be calculated from the Bragg Eq. (Eq. 2.6).
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The work carried out in this project focused solely on powder-XRD which uses the same 
principles to gather information also on crystallite size (grain size) and preferred 
orientation in polycrystalline or powdered solid samples. Powder XRD differs from 
single crystal XRD in that, with powders, every single possible crystalline orientation is 
represented equally. This averaging causes the three-dimensional reciprocal space to be 
projected into one dimension, a process which results in a loss of a lot of the information 
available. It should be noted that in practice true randomness is obtained by rotating the 
sample at a constant rate throughout the experiment to ensure that the effects of the 
varied distribution of different crystallographic orientations within the sample (i.e. the 
texture) are negligible.
Powder XRD is useful for identifying unknown materials, with different crystalline solids 
providing specific diffraction patterns, Any patterns obtained can then be compared with 
a known standard or a comprehensive database such as the International Centre for 
Diffraction Data's Powder Diffraction File.
Crystalline samples i.e. those samples in which there is significant long-range order will 
display sharp peaks in the diffraction pattern, whereas conversely amorphous samples 
will display broad background signals. The peak width for a specific phase of a material 
can be related to the mean crystallite size of that material through the Scherrer Eq. [29- 
30]. Now modem software packages are able to calculate this very easily for the user.
Glancing-angle (or Grazing-incidence) XRD is a form of XRD which allows analysis of 
only the surface of the specimen. This is possible by placing the sample at an acute angle 
with respect to the X-Ray source, which remains static throughout the run. The detector 
then moves across the desired 20 range. The more acute the angle the more surface 
sensitive the technique since the X-Rays literally glance off the surface into the detector 
(Fig. 2.10). However, when the angle is too small the signal to noise ratio becomes such 
that the quality of the data is compromised.
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Fig. 2.10: A representation of Glancing-Angle XRD and the means by which to calculate the penetration 
depth.
The energy of the X-rays, the incident angle, the thickness of the sample and the density 
all have an effect on the penetration depth of the X-rays, and hence the area from which 
the data are being retrieved. Simple trigonometry may used to calculate the penetration 
depth or alternatively modem software packages will do this easily once the various 
parameters are input.
2.3.4.2. Application
XRD has previously illustrated the effects of neutron irradiation on graphite [31]. Clear 
peak broadenings can be observed, with an eventual merging and even loss of peaks at 
particularly high neutron doses. The <002> peak can be affected considerably, becoming 
very broad and shifting considerably upon irradiation.
Virgin
Graphite
Graphite exposed to 
high neutron fluence£  50000
100000
Fig. 2.11: XRD comparison o f virgin graphite and graphite exposed to a high dose o f neutron irradiation. 
Adapted from reference [28],
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Employing XRD to observe similar changes in ion irradiated graphite would help prove 
the effectiveness of ions to mimic neutron damage in this sense.
2.3.4.3. Instrumentation
The diffractometer used was a Phillips PANalytical X’Pert diffractometer fitted with a 
hemispherical analyser. The X-rays were Cu Ka radiation (X=  1.541 A ) and were run at 
a voltage of 40 kV and an emission current of 30 mA. The spectrometer was calibrated 
periodically using silicon which has well known, well-defined, strong diffraction peaks. 
Data analysis was carried out using the Hi-Score software package. Glancing-angle XRD 
was carried out at Manchester University using an analogous Phillips diffractometer, 
under the same settings, equipped with a low angle detector. For this work an incident 
angle of 2 degrees was chosen through the 20 range of 20-90°.
2.3.5. Transmission Electron Microscopy (TEM)
2.3.5.1. Background/Theory
TEM is a technique whereby a very thin sample (~ 100 nm) may be imaged by passing a 
beam of electrons through the sample. The electron beam will pass through the sample, 
interacting with the sample on the way through, and resulting in an image of the 
specimen being produced [32]. The image is magnified and focused onto an imaging 
device or can be detected by a CCD camera.
The major benefit lies in the high resolution possible, which in some cases may give 
atomic resolution. Contrary to light microscopy, which is limited by the wavelength of 
the photons used; electron microscopy benefits from the fact that the De Broglie 
wavelength of electrons is much smaller than that of light; and can, due to the idea of 
wave-particle duality, be used as a shorter form of electromagnetic radiation with which 
to study the sample [33].
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A TEM will generate an electron 
beam typically by means of a heated 
tungsten filament connected to a high 
voltage source. The system is under 
vacuum (~ 10"4 Pa) to stop electrical 
arcing at the cathode but also to 
increase the mean free path of the 
electrons. Electromagents can be 
used to manipulate the electron beam 
onto the sample.
Fig. 2.12: A diagram of a typical TEM.
2.3.5.2. Sample Preparation
For TEM analysis the samples must be transparent to electrons, and thus typically < 100 
nm thick. There are a variety of methods for doing this; the method employed to prepare 
the graphite samples in this project was using a Focused Ion Beam (FIB) [34-35], which 
has the advantage of site-specificity. FIB involves using an ion beam to etch out a small 
section from the specimen using a beam of ions to remove bulk material and leave behind 
a desired specimen. Firstly, once a region of interest is found, a protective layer of Pt is 
deposited onto the surface of the sample in order to protect the top surface from damage 
during thinning.
To etch out the sample, Typically Ga+ ions are used at energies ranging from 5 - 5 0  keV. 
The Ga+ ions strike the specimen in a controlled manner, typically at low current. This
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causes sputtering to take place, and the atoms at the surface of the sample are ejected into 
the gas phase. Eventually the focused ion beam will create a wedge like crater into the 
specimen (Fig. 2.13 left), where the host atoms have been gradually removed. Through 
careful manipulation by the operator the desired section can be ‘lifted out’ (Fig. 2.13 
centre) and transferred to a TEM grid [36] using a micro-manipulator which is welded to 
the sample by another layer of Pt, essentially a Pt weld (Fig. 2.13 right).
Fig. 2.13: Wedge-like crater milled into HOPG surface (left), Sample lifted out by manipulator (centre) and 
sample attached to Cu grid ready for further thinning (right).
If further thinning is required then the sample can be thinned again using a controlled ion 
beam, until the sample becomes thin enough for TEM analysis.
2.3.5.3. Application
TEM is useful to this project as it will help to gain information on the ion induced 
damage, at the atomic scale. Ideally the breakdown of long-range order can be observed 
in ion-irradiated samples, with a clear damage layer that is not present within virgin 
material. TEM has the potential to shed light on the damage processes occurring and the 
types of defects forming, due to ion irradiation, at a fundamental level.
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2.3.5.4. Instrumentation
TEM analysis was carried out on a Philips CM200 Super-Twin FEGTEM operated at 197 
keV, fitted with a Gatan GIF200 imaging filter. The microscope is capable of a point 
resolution of 0.24 nm. The FIB sample preparation was carried out using an FEI Nova200 
Nanolab Dual Beam system.
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(•)/a Mer 3
Atomic Displacement Processes
3.1 Introduction
The result of neutron irradiation on graphite is to induce atomic displacements 
through a series of collisions. Such consequences can have a negative effect on the 
graphite with respect to its application in the nuclear industry and the associated 
build-up of potential energy can pose a threat. However, particle irradiation is able to 
displace atoms, as it does in graphite, just as easily in other materials too, with the 
processes involved being complex and difficult to predict. Atomic displacements can 
occur regardless of the incident species and much work has been published on the 
processes behind particle-solid interactions, throughout the twentieth century. This 
chapter will aim to provide some background to this work and also review the 
processes that are involved in ion-solid interactions and relate them to neutron 
interactions that occur within a reactor core.
3.2. Theory
3.2.1 Collision Cascade Theory
When an incident particle, with sufficient energy, collides with the first target atom a 
collision cascade may begin with the first step being the generation of a primary 
knock-on atom (PKA). The PKA is essentially the struck atom that has now gained 
energy from the projectile and is moving through the material itself. At this point the 
PKA can dissipate its initial kinetic energy either through electron excitation of the
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medium or of itself, sometimes leading to ionisation, or it can collide with other atoms 
in an almost elastic collision. The PKA can, with enough energy, create another 
knock-on event causing another atom to be dislocated, thus generating a secondary 
knock-on atom, which goes on to do the same. Consequently, a branching effect of 
successive collisions (see Fig. 3.1) can be envisaged, producing more and more atoms 
travelling at near-thermal velocities.
These atoms are also accompanied by some degree of electron excitation, and 
eventually through energy loss mechanisms the collision cascade comes to an end; 
typically taking, in total, less than a picosecond [1]. The PKA comes to rest in a non­
ideal location, which is energetically higher than its usual position; this stationary 
atom is referred to as an interstitial. In graphite the interstitial atoms generally 
assumed to reside in between the graphene layers.
Incident
1 AParticle X
X = Interstitial 
□  = Vacancy
X
Fig. 3.1: Schematic of a collision cascade caused through the production o f a primary knock-on. (After 
M.W Thompson, 1969 [2]).
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In fast neutron irradiation, in particular, it is the behaviour of the primary knock-on 
atoms that has considerable effect, since it is during the period that the PKA is coming 
to rest that the majority of the atomic displacements occur [3].
It follows that the more PKA atoms that are produced the greater the radiation 
damage. The total number of PKAs produced is obviously dependant on the number 
of collisions a neutron makes in slowing down to rest, and hence is proportional to the 
initial neutron energy. In reactor grade graphite the number of PKA atoms created can 
be calculated as a function of the initial neutron energy (c.f. Table 3.1):
Table 3.1: Number of displaced carbon atoms depending on initial neutron energy [4].
Initial Neutron Energy (MeV) Number of PKAs Created
10 73
2 58
1 55
0.1 40
0.01 26
0.001 11
Developing on the early concerns of Wigner and others in the nuclear industry 
researchers started to look more closely at the collision mechanisms involved in 
particle irradiation with many papers published in this area starting in the late 1940s 
and throughout the 1950s [5-9].
In 1958, Seeger [10] was perhaps the first to illustrate a detailed damage mechanism 
which included collision sequences and the development of Frenkel Pairs (Fig. 3.2).
The diagram indicates the effect of replacement collision sequences (referred to as 
crowdions [11]) and the existence of exchange collisions. The depleted zone is a 
concept originally proposed by Brinkman [12] and arises from the ejection of atoms 
concentrated within the cascade core, a direct result of the thermalisation of the PKA.
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Fig. 3.2: An illustration o f a damage mechanism induced by a primary knock-on atom (after 
Seeger [10]).
3.2.2 Atom Displacement Energy
A significant factor that determines the number of displacements that are produced 
upon irradiation is something called the ‘unit displacement energy’, Ed, the energy 
required to remove an atom from its preferred lattice position. It is known from 
thermodynamic data that atoms are bound in solids with energies of typically 
5 eV [13]. Thus, it follows that more energy would be required to remove the atom 
from its lattice position. Much work was carried out in the 1950s to obtain this value 
for various materials [14-17] with Werner studying 23 different metals [18], providing 
a range of values from 20 eV for Pb up to 180 eV for Hf.. Because of the measured 
differences from material to material a general isotropic value, estimated by Seitz [6], 
of 25 eV is typically used for graphite.
Two different models are used to describe the limits placed by the unit displacement 
energy. Firstly the Kinchin and Pease model [13,19] which is a relatively simple 
approach: that is, if the incident kinetic energy, E > Ed then the atom is ‘permanently’ 
displaced. However, if E < Ed then the atom may be temporarily displaced, shortly 
returning, resulting in no displacement. The other model, developed slightly earlier by 
Fletcher and Brown [20] suggests that there is an instability volume of radius ‘rv’ that
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encompasses each vacant lattice site. If a displaced atom comes to rest within this 
volume then it will inevitably recombine with the vacancy, however if the recoil range 
exceeds rv then it cannot recombine and consequently a stable Frenkel pair is formed. 
These two models however are actually quite similar and related in the sense that rv 
may be regarded simply as the range of a recoiling atom with an initial kinetic energy 
of Ed.
Table 3.2 displays the minimum kinetic energy required for a variety of different 
incident particles to remove an atom, of the mass indicated, if the displacement 
energy is assumed to be Ed = 25 eV.
Table 3.2: Minimum energy required by a variety of projectile species to displace a stationary atom of 
varying mass, assuming Ed= 25 eV [13]. Highlighted in red is mass 12 amu for graphite [4].
Weight of Stationary Atoms 
(amu)
10 12 50 100 200
Neutrons, Protons (ev) 76 88 325 638 1263
Electrons, y-rays (MeV) 0.1 0.12 0.41 0.68 1.1
a-particles (ev) 31 33 91 169 325
Fission fragments (mass = 
100 a.m.u) (ev)
85 65 30 25 27
The data follows from the fact that the maximum energy, Emax, than can be transferred 
to a moving particle of mass M\ and energy E to a stationary atom of M2 is:
Emax = AE (Eq. 3.1)
where from the early paper by J.J Thompson [21] it is known that:
A = 4MiM2/(M i+M2)2 (Eq. 3.2)
For electrons, relativistic effects must be considered resulting in the expression used:
= 2E(E-2mc2)/M2c2 (Eq. 3.3)
where m = electron mass and c is the velocity of light.
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If Ed is known for a target, then it is possible to estimate the average number of 
displacements produced through irradiation by a particle of a known energy. Eo.
To do this the simplified Kinchin-Pease Hard-Sphere model is used:
Nd(E0) = 0.43v(E0)/Ed (Eq. 3.4)
where v(Eo) is the amount of energy available in nuclear collisions, which is the initial 
energy minus the energy lost through electronic excitations.
3.2.3 Replacement Collisions
Another aspect of defect production is the possibility of replacement collisions. This 
is when an atom is displaced by the incident particle but the energy of that particle is 
insufficient to escape the vacancy. This results in the incident particle taking the place 
of the original atom, and although the elemental identity may be different, the overall 
number of atoms in the lattice is unchanged and hence there is no defect production. 
Replacement collisions are more likely to occur when the initial kinetic energies are 
relatively low and the mass of the two atoms is not too dissimilar, they are of 
particular importance in crystals of high symmetry.
3.2.4 Cascade Overlap
After a sufficient dose the movement of implanted particles and recoil atoms becomes 
random and difficult to predict [22]. An important product of this randomisation is 
that it is possible for atomic replacement to occur as a result of a collision cascade 
engulfing an already damaged area. Such atomic replacements will occur when an 
atom from a collision cascade collides with an interstitial produced by a previous 
cascade, resulting in an interstitial/vacancy annihilation. Such processes can lead to a 
decrease in overall damage production. The likelihood of such events occurring is 
given by a Poisson distribution [23].
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Experiments have been carried out proving the existence of such a phenomenon. 
English et al [24] noted that a 1 keV cascade in a perfect Cu crystal led to the average 
production of 5.3 Frenkel defects, which after a repeated cascade dropped to 4.3. It 
should be noted that this process is more dominant in neutron and ion irradiation and 
less so for electron irradiation; also, the effects seem more significant at low 
temperatures as one would expect [25].
3.3 Stopping and Range of Ions in Matter (SRIM)
3.3.1 Energy Loss Mechanisms
The mechanisms discussed in this section are fundamental to the study of radiation 
damage, since it is when the particles are slowing down to rest, due to the forces acted 
upon them, that the majority of atomic displacements i.e. damage occurs. There is a 
significant history involved in the study of the stopping and range of ions into matter, 
which is both interesting and complex. A comprehensive account can be found in the 
book by Ziegler, Biersack and Ziegler [26]. Here, a brief account of the history will be 
given along with the up to date theory of energy loss by matter.
In 1913 Neils Bohr published his first paper “on the theory of the decrease of velocity 
of electrified particles on passing through matter” [27] in which he concluded that the 
energy loss could be divided into two components: nuclear stopping (energy loss to 
the hosts’ nucleus) and electronic stopping (energy loss to the hosts’ electrons).
Twenty years later, following on from this work, Bethe and Bloch revised the 
problems from a quantum mechanical viewpoint and derived, in the Bom 
approximation, the fundamental equations for the slowing down and stopping of very 
fast particles through a quantized medium [28-29].
The 1940s saw the discovery of nuclear fission and consequently a sudden interest in 
the analysis of the transport of fission fragments through matter. The main problem 
caused by such projectiles was the partially stripped ion, known as the ‘effective 
charge’ problem. Many scientists such as Fermi [30], Lamb [31], Knipp [32] and 
Bohr [33-34] were working on this problem, with Bohr suggesting that the ion should
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be considered to be stripped of all its electrons with velocities lower than the ion 
velocity. It was shown that:
Zi* =  Z i l/3 V/Vo (Eq. 3.5)
Where Z\ is the atomic number of the ion, Z*  is the effective charge in energy lost to 
the target electrons, V  is the ion velocity and Vo is the Bohr velocity (2xl08 cm/sec).
In 1963, almost a decade of work by Lindhard and co-workers [35-36] led to the first 
unified approach to stopping and range theory, known as the Lindhard, Scharff and 
Schiott (LSS) theory [37]. The LSS theory was the last of the comprehensive theories 
based on statistical models of atom-atom collisions and was able to predict the range 
of ions in solids within a factor or two. Current theory and models allow for stopping 
powers to be calculated with an average accuracy of better than 10% for low energy 
heavy ions, and better than 2% for high velocity light ions. Range distributions for 
amorphous elemental targets have about the same accuracy [26]. The impact of this 
unified theory should not be under-estimated, with many modem widely used 
computer programs based on the LSS principles (e.s. SRIM).
3.3.2 Nuclear Stopping
Nuclear stopping involves the loss of energy of a projectile to its target nucleus via an 
elastic collision. This process is predominant for the slowing of neutrons in matter and 
is also significant for ions. In a two atom scattering model the transfer of energy 
depends on the mass and charge of the two particles involved and also the initial 
velocity and direction of the projectile species. As a charged particles moves through 
matter it can interact with the stationary atoms, causing them to recoil by giving away 
a portion of its energy, whilst it itself is deflected away. The final velocities and 
trajectories of the two particles after this interaction can be calculated through 
classical means and applying the principles of the conversation of energy and 
momentum.
The amount of energy loss is determined through the screened Coulomb interactions, 
and is usually a significant amount leading to ion deflections and atomic
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displacements. Such screening means that in reality ion-atom collisions are not ‘hard- 
sphere’ and that the two central cores never ‘touch’. Instead the interactions are 
electrostatic, with the distance of closest approach becoming smaller as the projectile 
energy increases.
The distance of closest approach, rmin, is determined by the initial energy, Eo, the 
interaction potential V(r) and the impact parameter, b:
m2
Fig. 3.3: The two nuclei never actually ‘touch’ and are separated by a energy dependent distance r ,^,.
V 2
With typical collisions taking place: ao<r<ro, where ro is the equilibrium position of 
the next atom (~2.5 A) and ao is the Bohr radius (size of atomic shell) = 0.53 A.
When r» ro  interactions are weak compared to the velocity of the moving particle. 
When r<ao nuclear collisions and the Columbic potential dominate and hence the 
repulsive potential, V(r) is simply the Columbic repulsion:
V(r) = Z,Z2e2/r (Eq. 3.6)
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In the majority of instances, ao<r<ro in which case the Columbic potential is reduced 
and the screening effect of the electrons must be considered, hence:
Where x(r) is the screening function, Z\ and Z2 are the charges of the interacting 
nuclei, r the distance between them and a is the so called screening parameter (2.06 x 
10'9 cm for carbon).
Simply, in such elastic collisions, it is possible to consider the atoms’ electrons as 
serving only to screen the nuclear charges during a collision. That is, they are not 
excited. So, a high energy moving atom will approach a lot closer to its target {i.e. 
r<ao ) and the effect of electron screening is diminished and the collision follows Eq. 
3.6 and can be termed a Rutherford Scattering event. In lower energy collisions (as in 
further along the collision cascade) electron screening becomes significant and the 
distance of closest approach increases. In this scenario the scattering corresponds to 
that between rigid-spheres (Eq. 3.7) since the electron fields are repulsive.
A variety of statistical models for interatomic potentials and screening functions have 
been used in calculating nuclear stopping. The most widely used are those by 
Sommerfield [38], Moliere [39], Lenz-Jensen [40-41] and Bohr [42]. Each of which 
may be seen as a Columbic term (1/r) multiplied by a “screening” function, defined as 
the ratio of the actual atomic potential at some radius to the potential caused by an 
unscreened nucleus:
Where <X> is the screening function, V(r) is the potential at radius r, Z is the atomic 
number and e is the electronic charge.
As the ion approaches the stationary atom the electron containing atomic orbitals will 
begin to merge and in this case the number of actual electrons in that specific volume 
element may change. The overlap volume will contain electrons from both atoms and 
the electrons within that overlap volume can be treated as a free electron gas. Such
V(r) = Z,Z2e2/r.(x(r/a)) (Eq. 3.7)
<D = V(r)/(Ze/r) (Eq. 3.8)
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overlap volumes absorb energy due to the Pauli principle which states that there must 
be promotion of electrons into higher energy levels upon increased electron density. 
This consequently decreases the attractive potential.
Incident Ion
Stationary Atom
Fig. 3.4: Overlapping electron orbiatls during the interaction between a moving ion and a stationary 
atom. Electrons in this overlap will experience Pauli promotion to higher energy levels.
To calculate interatomic potentials each atom must be considered as a spherically 
symmetric charge distribution with a central point charge. The total interaction 
potential, V, can be expressed as:
V = V„n + Ven + Vee + Vk + V a (Eq. 3.9)
Where Vm, is the electrostatic potential energy between the nuclei, Vee is the pure 
electrostatic interaction energy between the two electron clouds, Vd is the interaction 
energy between each nucleus and the other electron cloud, Vk is the Pauli induced 
increase in electron kinetic energy in the overlap region and Va is the increase in 
exchange energy of these electrons.
Each parameter will not be discussed further here but for more details and derivation 
the reader is referred to reference [23].
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33 3 , Electronic Stopping
This concerns the loss of energy of a projectile through the transfer of energy from 
itself to the electrons surrounding a target nucleus. This is an inelastic process 
resulting in a small energy loss per collision and negligible deflection. Electronic 
energy losses are predominant in ions travelling with low mass and high energy, 
which explains why the trajectories are initially close to a straight line through the 
material. It is only when sufficient energy is lost that nuclear stopping predominates 
and vacancy production can occur. In general, electronic stopping is not of great 
significance when considering radiation damage, particularly through the production 
of Frenkel defects, since it does not directly result in atomic displacement. For this 
reason a relatively brief account is given here where more detail may be found by 
referring to the corresponding references stated.
Electronic stopping is made complicated due to the fact that both the ion and the 
target are changing continuously during the passage of the ion. The charge state of the 
ion changes depending on its velocity and of the electron density within the target at a 
particular region. The charge density on the ion will also polarise and change shape in 
accordance to the target electrons which will also polarise in front of and around the 
incoming ion. As the ion penetrates the electron cloud and their orbitals overlap, 
electrons will be promoted to high energy excited states through Pauli promotion.
When considering electronic stopping there are different regimes (rules) which apply 
depending on the ion energy. For energies less than 10 MeV, which is the regime we 
are concerned with, the Lindhard-Ziegler approach is used. This method states that 
when the velocity of the ion, Vi, is less than the Bohr velocity of atomic electrons, Vo 
(Vo = 2.188x106 ms"1) then the ions’ electrons remain bound to the ion and tend to 
neutralise through electron capture. However, when c/10>Vj>Vo then the opposite 
occurs, where the ions’ electrons are lost to the target material until the ion becomes
0 /Ifully stripped and the charge state is maximised. This occurs when Vj~VoZ
A 2.0 MeV He+ ion has a velocity of 9.8 xlO6 ms"1 and so will become frilly stripped 
before undergoing nuclear stopping and eventually coming to rest.
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333.1 . Light Ions (Protons and He*)
Much of the early work in this area focussed on the proton since it was believed that if 
a proton was always stripped of its electron whilst in the solid then it could be 
considered the purest test of any stopping power theory of particles penetrating an 
electron plasma. Many researchers worked on this when eventually Brandt and 
Kitagawa [43] suggested that it was possible to assume that a proton in a solid always 
had a charge of +1. This can be justified since the diameter of the orbit of a Is 
electron around a proton is larger than the interatomic spacing found in most solids. 
Hence a neutral H atom, could not survive in a solid for a appreciable amount of time. 
Once values were obtained for protons, He* values could be obtained from ‘scaling’ 
the results [32]. So, for He* ions one can simply multiply the stopping for protons at 
the same velocity by the He* effective charge at that velocity [26].
333 .2 . Heavy Ions (Z>2)
The study of the electronic stopping of heavy ions is split into three velocity regimes: 
low velocity (< 25 keV), high velocity (>200 keV) and medium velocity (25-200 
keV). Low velocity ions have velocities lower than the solids’ Fermi velocity 
(typically 0.7-1.3 Vo) and thus are moving much more slowly than the majority of the 
target electrons, leading to mostly adiabatic collisions with the ion without direct 
energy loss. In this case the electronic stopping cross sections are proportional to 
velocity [44-46].
For high velocity ions it was found that it was effective to scale proton stopping 
powers to equivalent heavy ion stopping powers through Thomas-Fermi scaling 
values. A fairly simple expression for the electronic stopping can be given as:
Sh, = SH (Z Hi*)2 = SH Zh,2 r 2, Y=l-expt-V,/(V0Zl“ )] (Eq.3.10)
Medium velocity heavy ions are studied through the models constructed by Brandt 
and Kitagwa [43] and Kreussler, Varelas and Brandt [47]. These will not be discussed 
here since the work carried out in this project was done at energies < 5 keV (on the
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irradiation system at Cardiff) or > 200 keV (on external particle generators) and hence 
fall into either the low velocity or high velocity regimes, briefly discussed above.
3.3.4. The Range of Ions in Matter
Due to the stopping processes outlined above it is inevitable that the incident ion will 
eventually come to rest, perhaps within the target. The path of an ion through a target 
is a stochastic (random) process; two ions of the same energy going into the same 
target will not stop at the same place, thus the implantation of the ion results in a 
statistical distribution.
Projected Range
Surface Sam ple
Interface Bulk
Fig. 3.5: An illustration of the path of an ion as it enters a solid target. The behaviour of the ion and the 
range is essentially random [48].
The range distribution of an ion can be determined by four main factors: the ion mass, 
its energy (i.e. momentum), the mass of the target atoms and the target density. The 
distribution of the ions in the target material throughout the irradiation will depend on 
these parameters.
Another four different parameters are then used to describe the distribution obtained, 
these are the mean range which is the average stopping position of the ions, the 
standard deviation, which is the width of the distribution, the skewness, which is the 
asymmetry of the distribution and finally the kurtosis, which is the ‘flatness’ of the 
distribution.
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In order to reconstruct the distribution from these parameters a general shape must be 
assumed. The most successful used to describe such ion implantation is defined by the 
Pearson family of curves, which are essentially ‘bell-shaped’ profiles.
co
p1—
c<1)o
c
oCJ
Depth
Fig. 3.6: A representation of the range and standard deviation o f ions in matter depending, and the 
effect o f the ratio o f masses. The range profiles follow reasonably closely that o f a Gaussian 
distribution.
The mathematics will not be discussed here and to make things easier the well-known 
Gaussian distribution can often be used to describe the distribution of ion implantation 
very well giving good agreement with the Pearson curves. The Gaussian function is 
symmetric and also bell-shaped. It only considers the mean range and the standard 
deviation (Fig. 3.6) (skewness and kurtosis are not considered).
33.5. Channelling
A dramatic effect on ion range can be seen when the ions travel directly down the 
main crystallographic directions of the lattice in a process referred to as channelling. 
Well channelled ions experience less nuclear and electronic stopping and thus are able 
to travel much further distances (between a factor of 2 -50 times further) and cause 
fewer atomic displacements [48].
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Channelling was first identified by Robinson and Oen [49] and was subsequently 
confirmed experimentally be several groups [50-52].
It can be manipulated to ones advantage, especially in industries interested in Si 
doping, where the irradiation angle can be modified in order to ‘steer’ the ion down a 
particular channel.
Above © c
Just Above ©
Below ©
Fig. 3.7: A critical angle must be achieved for the incident ion to travel down the atomic planes, 
resulting in a greater range but fewer atomic displacements.
It is known that for Si the critical angle, 0 C, is between 3° - 5° for the <110> and 
<111> directions [53-54]. Such an angle may be determined by:
0 C = [(aTV d)0i]l/2 (Eq. 3.11)
Where 0 | = (Z|Z2e2/Ed)l/2, 0 CiSthe critical angle, d is the distance between planes and 
aT-F (Thomas-Fermi screening length) = 0.8853aoV(Z12/3+Z22/3) where ao is the 
Bohr radius (0.53 A).
Gradually a channelled ion will come to rest through a series of glancing collisions 
with the target atoms, which will eventually steer the ion out from the “free space” 
and into the atoms. Usually such glancing collisions will have energies less than Ed 
and atomic displacements will not occur until the governed motion results in more 
direct impacts.
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33.6. Stopping and Range of Ions in Matter (SRIM) computer package 
(www.srim.org)
The development in computer power since the 1950s has seen a variety of useful 
computer codes being developed, which are able to utilise the theory discussed above 
and adapt it to be able to predict and model the interaction of radiation with matter to 
a good degree of accuracy. Codes such as SPECTER [55-56] and MARLOWE [57] 
were the first popular codes available; now however the preferred choice is SRIM, a 
Monte-Carlo based code designed by Ziegler, Biersack and Ziegler [26], and used 
specifically to model ion irradiation of a vast array of different target materials. The 
latest code incorporates all aspects o f theory in the field and can provide a wealth of 
useful information.
Monte Carlo simulation may be described as a computation technique that relies on 
the generation of random numbers to compute the solution to a problem. [58] It is 
used effectively in many areas of physics and has been used to model the 
thermalisation of neutrons in matter Monte Carlo Neutron Program (MCNP) 
developed by Oak Ridge National Laboratory. The MCNP package is extremely 
powerful but is also expensive to obtain. For this project the freely obtainable SRIM 
program is utilised, which uses similar Monte Carlo methods to provide a veiy 
accurate model of the behaviour of ions in matter, which forms the basis of this 
project.
The SRIM code is very easy to use and the screens are self-explanatory. Below is an 
example of a calculation carried out by SRIM (Fig. 3.8).
This calculation is for irradiation o f graphite with 5.0 keV He+ ions. The central 
animation is a good visual guide and can help to envisage the path of the ions as they 
penetrate the graphite surface. On the right o f the screenshot there is information 
regarding the ion, the energy loss and the sputtering yield (the rate at which carbon 
atoms are ejected away from the substrate). In the top right is an important estimation, 
indicating the number of vacancies per ion. The ‘distributions’ section in the bottom 
left allows the user to gain other important information from the calculation.
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Fig. 3.8: Screenshot from a typical SRIM calculation.
3.4. Neutrons
3.4.1. Fast Neutrons
Within a reactor core it is the radiation damage induced in the moderator (graphite) 
from fission neutrons that is of interest to those in the nuclear industry. These 
neutrons, generated ffom the fission of 235U (or 239Pu), have a wide range of energies, 
from thermal neutrons (~ 30 meV) up to high energies of ~ 10 MeV [1]; the mean 
energy, however, is taken to be 2.0 MeV [59].
The interaction of neutrons with matter is somewhat different to that of ion irradiation 
since there is no effective charge and no electron cloud. The collisions of neutrons can 
therefore be seen as the simple hard-sphere type and can be effective in atomic 
displacement, even at relatively low energies. Primarily, neutrons interact with matter 
via elastic collisions (i.e. the billiard ball model), and are the most important events 
when addressing radiation damage. However, it should be mentioned that neutrons 
can also interact through inelastic scattering (where the target nucleus is left in an 
excited state) and neutron capture. Neutron capture can then lead to gamma emission 
or fission and radioactive decay. However, these are not of concern here, since
68
Chapter 3 Atomic Displacement Processes
moderator material is chosen specifically to have a low neutron capture cross-section 
and hence promote elastic scattering of the fast neutrons. A neutron will react with a 
graphite moderator almost entirely through elastic collisions, causing significant 
radiation damage.
3.4.2. Neutron Interaction with Matter
A neutron will not interact strongly with an atom unless the distance between the 
neutron and the host nucleus becomes so small that nuclear forces come into 
play [60]. Consequently the cross section for neutron collision is rather small and thus 
a neutron can travel long distances through a material (of the order of centimetres) 
with relatively few direct hits on atoms, at often widely separated positions.
However, when a collision does occur, the particles obey the rules of classical 
mechanics and the conservation of energy. The first atom the neutron hits will receive 
a considerable fraction of its energy, with the precise amount increasing the more 
similar the masses of the two species. The PKA may then go on to displace atoms of 
its own, thus creating secondary recoil atoms, as discussed previously, whilst 
simultaneously the rebounding neutron will travel to its next collision (likely to be a 
relatively large distance) where it again gives up a similar fraction of its energy (less 
in absolute terms) and the process continues, until the cascade comes to an halt.
The recoil energy spectrum, N(E)dE, of the struck atoms is given by:
where Emax is given by Eq. 3.3.
Only a small proportion of struck atoms (EJ  Emax) are not displaced, hence the cross- 
section for producing a primary knock on, ap, is essentially equal to the neutron cross 
section. For heavy target elements Emax rarely exceeds the ionisation limit, Lc, and so 
the average number of displaced atoms per neutron collision can be given by:
N(E)dE = dE/Emax(0<E< Emax) (Eq. 3.12)
N d  — Em ax /4 E d (Eq. 3.13)
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The majority of displacements occur in targets of moderate atomic mass. This can be 
explained since very heavy elements will take up only a small amount of recoil 
energy, whereas very light elements will take more energy but lose it more quickly 
through ionisation.
Graphite is of moderate mass ( C = 12 amu) and is known to be very susceptible to 
atomic displacement The measured Ed in graphite is approx 28 eV [61] and it has 
been estimated that for every fast neutron ( mean energy 2 MeV) that hits the graphite 
lattice, approximately 22,000 atoms are displaced from their lattice sites (Table 3.3)
Table 33: Estimate of the number of displaced carbon atoms as a function of initial neutron 
energy [62].
Neutron Energy (MeV) Approx Total Number of 
Displacements
10 50000
2 22000
1 18000
0.1 2500
The majority of these are caused by the primary knock-ons and the associated 
secondary and tertiary knock-ons, which have less and less energy, becoming so low 
that they are unable to ionise but can dissipate the energy through nuclear collisions 
[63]. This means that neutron irradiation can be characterised by many isolated 
regions of damage, with a major fraction of the total neutron energy going directly to 
defect production via the recoil atoms.
3.43. Using ions to simulate neutrons
The primary differences between irradiation by neutrons and irradiation by ions is that 
ion irradiation is very inhomogeneous and the penetration depths are much smaller. 
Neutrons are relatively homogeneous and bounce around the target material causing 
displacement cascades, often relatively large distances apart, thus creating pockets of 
damaged areas spread around the target. Ion irradiation may cause analogous
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displacement cascades, but they will not be as spread out and the damage will be 
localised to the surface. The reason for this is that the collision cross-section for an 
ion and an atom is much larger than for a neutron and the same atom. This is because 
the ion can act on the atom through electrostatic forces and ordinary inter-atomic 
repulsions, which have a much greater range of action than the nuclear forces 
responsible for neutron collisions. Obviously the mass of the ion plays a major role 
and if the mass of the ion is considerably larger than that of the target then damage 
will be severe, but in a very localised manner.
The stopping force differs in that ions succumb to electronic stopping whilst neutrons 
do not The effect of this varies, again depending on ion mass and velocity. A proton, 
for example travelling at high energy will stop almost only through electronic 
processes causing very few atomic displacements whilst a heavy ion at equivalent 
energy will possess more nuclear stopping and cause far more displacements, as 
discussed in section 3.3.2.
3.5. Conclusion
In summary, simulating neutron damage with ions may be somewhat difficult, but 
tuning the irradiation parameters, such as ion mass and ion energy, can lead to 
improved similarities between the two. Note that it is worth emphasising again that 
the damage caused through neutron irradiation, and the primary cause of Frenkel 
defects, is the damage caused by the primary knock-on atoms slowing down to rest 
and not by the neutrons themselves and so, provided ions can create equivalent PKA 
induced cascades then, in theory, the damage accumulation should be very similar. 
The SRIM program is a powerful tool that can provide insight into the damage caused 
through detailed calculations and importantly can give an accurate measurement of 
ion penetration depth, which is of great importance to the work carried out in this 
project.
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Raman Analysis o f Graphite After Inert-Gas 
_______________ Ion-Irradiation (E < 10 ke V)
4.1. Introduction
Raman spectroscopy of black materials such as carbon black and graphite was not possible 
until the advent of the laser as a Raman source [1]. Since then much work has been carried 
out on the Raman spectra of such materials due to a renewed interest in their structural 
properties as a result of their many valuable applications, particularly in the 
semiconductor [2-4] and nuclear industries [5-9].
Raman scattering is extremely sensitive to structural disorder due to radiation damage, and 
therefore is an excellent tool for determining the effects of radiation damage upon the 
graphite lattice. The instrument is used to detect returning photons which have been 
inelastically scattered due to the change of polarization caused by the phonon mode [10] (c.f. 
Chapter 2).
Early work in the field by Tuinistra and Koenig [11] used Raman spectroscopy to study the 
structure of various types of graphite, ranging from highly crystalline graphite and more 
polycrystalline and disordered carbon black and natural carbon flakes. The authors identified 
the presence of an intense single band at -1580 cm'1 for the highly crystalline samples, 
whereas the more disordered graphite displayed another band at -1350 cm'1. This band was
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observed to increase in intensity, with respect to the 1580 cm'1 band, the more polycrystalline 
the material was. Subsequently the two bands were referred to as the G (graphite) band, at 
1580 cm'1, and the D (disorder) band at -1350 cm'1.
Smith et al [12] used Raman spectroscopy in an early analysis of argon ion irradiated graphite 
and found that the same band at 1350 cm*1 started to appear as a result of the Ar+ radiation. 
Therefore it was concluded that the ion irradiation induced a structural decomposition, 
changing originally crystalline carbon material to more disordered amorphous-like carbon; 
from this work it became clear that ions could indeed damage the graphite lattice and Raman 
could be effectively used to monitor that damage, which may be related to similar processes 
that occur through neutron bombardment within a reactor core.
4.2. Experimental Apparatus
Ion irradiations were carried out in the UHV system described previously (Chapter 2) and the 
experimental parameters used are as stated. After each irradiation the system was vented with 
nitrogen and the irradiated samples were removed and analysed through Raman spectroscopy. 
Samples of HOPG were used, unless otherwise stated, to avoid the difficulties involved in 
obtaining consistent Raman data from polycrystalline graphites [13]. When required, a fresh 
HOPG surface was obtained through cleavage of a layer using adhesive tape.
4.3. Raman Investigation
4.3.1. Raman Analysis of Virgin Graphites.
To appreciate the ion-induced effects on the Raman spectra of graphite it is important to first 
know the nature of the virgin material from which we can compare and contrast. Fig. 4.1 is 
the Raman spectra obtained for virgin samples of HOPG, Gilsocarbon and PGA.
As previously mentioned, the HOPG spectra contains a single intense G band at 1580 cm'1 in 
the lower energy regime (first order spectrum) and three more peaks in the higher energy 
regime (second order spectrum), including a small peak at -  2450 cm'1, a more intense 
doublet peak at -  2710 cm'1 (D* band) and a further smaller peak at -  3250 cm'1 (G* band). 
Gilsocarbon and PGA exhibit the D band at 1350cm'1 which is not present in HOPG, and also
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an additional band is present in the second order spectra at ~ 2950 cm'1. In the case of 
Gilsocarbon and PGA the peak at ~ 2710 cm'1 is observed to be considerably less defined. An 
additional disorder-related band at ~ 1620 cm'1 is also present in the nuclear grade material 
but not observed in the more ordered HOPG.
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Fig. 4.1: Raman spectrum of three different virgin graphitic materials. Peak positions are not exact, but within ± 5 cm'1.
4.3.2. Origin of the Raman Bands
In order to understand the significance of each of these bands and the various changes 
induced through ion-irradiation it is important to know their origins, an area which has been 
studied intensely, with many publications throughout the 1970’s involving Raman [14-15] 
and infra-red [16-17] studies of graphite. From this work researchers were able to accurately 
establish the zone-centre optic modes for graphite, assigning the phonon energies and 
symmetries to all the high-symmetry points in the Brillouin zone [18]; despite this intense 
interest it should be noted that, even now, the full underlying mechanisms involved in the 
Raman analysis of graphitic materials is still not perfectly understood.
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4.3.3. Symmetry Elements of Graphite.
Since the atomic layers in graphite are held together only by very weak Van der Waals forces 
then it is often sufficient to study only a single two-dimensional atomic layer (graphene). 
This, at first, makes things a lot easier as the effect of stacking the planes is not considered. 
However in Raman spectroscopy even the weak Van der Waals forces can have an effect on 
the selection rules and hence for this reason the symmetries for the three-dimensional 
graphite must be subsequently calculated as they will be different from two-dimensional 
graphene.
Fig. 4.2: Phonon eigenvectors for graphene and graphite, taken from Reich and Thomsen [19].
The six normal vibrational modes of graphene (at q=0) (where q is the wave vector of the 
scattered phonon) have been found by standard methods [10,20-21] and can be described by 
the following irreducible representations:
r  vib, 2D = A2u + B2g + Elu + E2g.
Where A2u and Eiu are translations of the plane and the B2g mode is an optical phonon arising 
from carbon atoms moving perpendicular to the graphene plane. Of these only the doubly 
degenerate optical E2g vibrational mode is Raman active (Fig. 4.2).
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From the optic modes derived for graphene, the phonon modes of three-dimensional graphite 
can be found by combining the above two-dimensional modes either in phase i.e. r vib, 2dx Aig 
or out of phase, r vib,2DX Biu.
From Fig. 4.2 we can see how the graphene modes are able to split into higher frequency out- 
of-phase and lower frequency in-phase vibrations and thus the phonon symmetries of graphite 
are found to be:
T vib , 3D = 2A2u + 2B2g + 2Eiu + 2E2g
As discussed above, of these modes only the E2g modes are Raman active and therefore a 
graphite crystal can be said to have two Raman active modes at the T point (centre) of the 
Brillouin zone (Fig. 4.4a) These modes can be observed at 42 cm'1 and 1582 cm'1 [22] and 
they represent the doubly degenerate in-plane optical vibration. The large difference in the 
frequency between the two E-type modes is a manifestation of the large anisotropy found 
between the interplanar and intraplanar bonding [23].
The Raman peak at 1580 cm*1, which is omnipresent amongst graphitic materials, was first 
assigned to the E2g mode by Tuinistra and Koenig [11] who used secular equations, formulas 
from Yoshimori and Kitano [24] and approximate force constants [25] to calculate the E2g 
frequency to be 1688cm"1. Despite being >100 cm*1 in error, this was deemed within 
experimental error (due to the approximate force constants used) and hence these calculations 
were seen as evidence for the assignment of the Raman band at 1582 cm'1 to the E2g mode 
(Fig. 4.3).
Fig. 4.3: The breathing mode of E^ g symmetry responsible for the G band observed.
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It should be noted that the other E-symmetry mode at 42 cm"1 is the result of interplanar 
“rigid-layer shear” whereby the graphene planes slide over each other [19] and can only be 
seen through special techniques [26].
The A2u and Eiu modes are IR active and have been observed at 867 and 1588 cm'1 
respectively [16]. The B2g modes are optically inactive, however, neutron scattering 
experiments have been carried out whereby one of the modes has been observed at 127 cm"1 
whereas the other appears at a frequency similar to that of the A2U mode at approximately 
867cm"1 [27-28]. Contrary to the E-symmetry modes, the A and B symmetry modes 
represent the out-of-plane atomic displacements [22].
4.3.4. Raman Activation
When the photon energy is above the band gap, electrons of all wave vectors can be excited. 
In graphite, the band gap lies in the visible range only in a small region of k space around the 
K point (Fig. 4.4). Disordered carbon materials consist of both sp3 and sp2 sites. Sp3 sites 
involve only a-bonding orbitals whereas sp sites also possess 7t-bonding character. Unlike a- 
bonding, 7c-bonding can be long range, and can interact with many n states close by, forming 
conjugated bonds as is the case in benzene. Due to this interaction with neighbouring n states 
longer range polarisability is enhanced. This enhancement increases as the amount of n -  
bonding increases, which is maximised when pairs of aligned n states, six-fold aromatic 
rings, or graphitic clusters are formed [29].
4.3.5. Disorder Induced Raman Bands
More polycrystalline graphites such as Gilsocarbon and PGA are inherently more structurally 
disordered than HOPG, the latter is much more of an ‘ideal’ graphite structure. The reduced 
crystallinity of graphites such as Gilsocarbon and PGA gives rise to the aforementioned 
Raman D band at 1355 cm"1 (Fig. 4.1).
The origin of the D band is rather complex and has been debated thoroughly throughout the 
literature [30-35]. The peak arises from phonons near the K zone boundary, which undergo a 
breathing movement of Aig symmetry (Fig. 4.5). The Aig mode is forbidden in ‘ideal’ 
graphite as the changes in polarisability cancel over the infinite crystal; in the presence of
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structural disorder however, this no longer holds true and subsequently the D band can be 
observed.
1600
1400
1200
1000
600
400
200
5 -
cn
-10
M rKr
Wave Vector
Fig. 4.4: a) (left) the first Brillouin Zonet o f graphite. The irreducible domain is spanned by the triangle linking 
the critical point of high symmetry, T-M-K-r. bXright) The phonon dispersion curve (top) and electronic band 
structure (bottom) o f a single layer o f graphite, taken from references [18] and [25] respectively. The a states lie 
far from the Fermi level (double arrow). The n and empty n* states overlap and touch at the K boundary. The 
bold line from K to M corresponds to phonons selected by the k = q ‘quasi’ selection rule, indicated by the 
vertical dashed line. The bold line from f  marks the mapping o f the E2g eigenvector.
Fig. 4.5: Breathing mode of A,g symmetry, responsible for the dissorder (D) band.
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waves is representative of the behaviour throughout the entire system [1].
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The fundamental Raman selection rule of q ~ 0 is relaxed through disorder and the Aig 
breathing mode is activated through the enhancement of the k = q ‘quasi’ selection rule as 
proposed by Baranov et al [36] and Pocsik et al [37]. This selection rule is promoted through 
n increased Raman cross-section of the phonon wave vector q, when it equals the wave vector 
k of the electronic transition excited by the photon [32]. Essentially this can explain the 
dispersive nature of the D band and why its Raman shift changes with excitation energy [35].
A second disorder-induced band, the D’ band at 1620 cm’1, has a narrow linewidth and is 
observed almost as a shoulder to the G band. Although related to the D band in the broad 
sense that it is disorder induced, and is not observed in highly crystalline graphite, the D’ 
band does not shift with laser wavelength, thus suggesting that they have different physical 
origins [35]. Maeto and Sato have observed the presence of this band in neutron irradiated 
pyrolytic graphite and also in polycrystalline material and assigned the feature to ion-induced 
creation of C2 molecules [38]. However, Tsu et al [39] suggested that the 1620 cm'1 was due 
to splitting from the doubly degenerate E2g band and that C2 molecules were not required for 
its presence. Modem Raman theory has led to the identification of a double resonance Raman 
mechanism which is now seen as responsible for the 1620 cm’1 feature along with the other 
disorder induced bands (c.f. 4.4.4.).
4.3.6. The TK Relation
In 1970, Tuinstra and Koenig observed that the intensity of the D band increased as the 
inherent disorder of the material increased, from commercial grade polycrystalline graphite to 
activated charcoal, which has a very intense D band signal [11].
The observed intensity ratio between the two bands, I d / I g ,  was found to be proportional to the 
inverse of the crystallite size, La (determined through x-ray diffraction), through the following 
equation, referred to as the T-K relation.
7e- = - ^  (Eq- 4.1)
G A j
Where C = 4.4 nm when X =  514.5 nm.
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The relation has been verified many times using XRD to determine the crystallite size 
independently [30,40-42] and has been explained theoretically by Lespade et al who 
explained Eq. 4.1 with respect to the finite size of the crystallites [43]. Consequently Raman 
has been widely used in the field to monitor the accumulation of damage in graphite.
The T-K relation links the D peak intensity to phonon confinement caused through the 
production of structural defects. It works through relating the intensity of the essentially 
forbidden phonon to the “amount of breaking” of the q ~ 0 selection rule. The relation works 
very well and was fundamental to many Raman investigations into ion-irradiated graphite 
particularly through the 1990s [44-48]. However at higher doses the T-K relation has been 
shown to break down and should not be used exclusively when the crystallites become very 
small, e.g.. < 2 nm [49-50]. At such high levels of damage the I d / I q  ratio may become 
saturated and no longer follow linearly the rate of damage accumulation. Such results have 
been published by Theodosiou et al [51] and are discussed in Chapter 5. However, the theory 
of phonon confinement does not explain on its own certain features of the Raman spectrum, 
such as the relatively high peak intensities of the disorder bands, and as a result the activation 
of the D peak is now accepted to be due to a double resonance effect [29] (c.f. 4.4.4).
4.4. Results
4.4.1. A Time-Resolved Raman analysis
Samples of HOPG ( 5.0 x 5.0 x 2.0 mm) were irradiated with 5 keV He+, Ne+, Ar+ and Xe+ 
ions in the custom-built UHV ion irradiation chamber described previously (See 2.2.1). A 
constant gas pressure of 2.0 x 10'5 mbar was used throughout and all irradiations were carried 
out at room temperature. Four samples were irradiated, one for each ion, with total doses not 
exceeding 5.0 x 1019 ions.m*2. Sample currents were measured through a multimeter 
connected to the target through an electronically isolated probe. The ion flux was 
approximately 5.0 x 1012 ions.cm'V1 and Raman measurements were taken after an 
irradiation time of 10, 20, 40, 80, 160 and 320 s.
Figs. 4 .6a-d  show the time-resolved Raman spectra obtained for ion irradiation using He+ 
Ne+, Ar+ and Xe+ respectively. Each spectrum was taken at twice the total irradiation time 
of the previous spectrum, up to a time of 320 s. N.B. only one sample was used for each ion 
irradiation and hence the time is cumulative
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Figs. 4.6a_d: A time-resolved analysis of the Raman spectra obtained for 5 keV ion irradiation of HOPG, using 
He+, Ne+, Ar+ and Xe+ respectively at a constant ion flux of 5.0 x 1012 ions.cm'V1.
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Consistent features were observed for each of the ions studied, with trends agreeing with 
previously published work in the field [44-45,52]. That is, the Id/Ig ratio increases with 
increasing fluence, and hence the crystallite size is decreasing. Importantly these trends are 
the same as those observed in neutron irradiated graphite, which is as expected due to 
comparable damage mechanisms (as discussed in the previous chapter). Niwase et al [53] 
conducted Raman analysis on ISO-880U nuclear grade graphite taken from the core of the
9 0  9Japan Materials Testing Reactor which was irradiated at fluences up to 7.0x10 n.cm' and at 
energies not below 1.0 MeV. The results they obtained are very similar to those seen in Figs. 
4 .6a -d , particularly to those obtained for He+.
The emergence of the disorder induced D band at approx 1350 cm’1 is the prominent feature, 
which steadily increases in intensity with increasing fluence; simultaneously the intensity of 
the G band slowly decreases resulting in an increased Id/Ig ratio and reflecting a decrease in 
the crystallite size. Other notable features include an increase in the linewidth of the D band 
and a stark increase in the intensity of the spectral region between the D and G bands, in the 
range 1400 cm'1 -  1580 cm'1 which is particularly prominent at higher doses. The extent of 
the broadening seems to be more significant for the He+ irradiated samples, and is likely to be 
mass related. The D’ peak centred at 1620 cm'1 becomes apparent after 10 seconds 
irradiation, increasing in intensity before becoming a shoulder to the G band. In the case of 
He+ bombardment the D’ peak seems to be more prominent and separated from the G band, 
up to an irradiation time of 80 seconds, where again it merges with the G band and becomes 
indistinguishable from it. This happens only at an Id/Ig ratio of approximately 1.4, 
corresponding to a crystallite size of around 3.2 nm (Eq. 4.1).
Using the Raman software, the Id/Ig ratio from the Raman spectra can be calculated whereby, 
via the TK relation, it can be used to provide information on the crystallite size, that is, the 
amount of damage caused through ion bombardment (Fig. 4.7).
The graph shows two main trends. The rate of increase of Robs (observed Id/Ig ratio) i.e. the 
rate of increase of damage, is initially rapid before reaching a particular dose, which in this 
case is 4.0 x 1018 ions.m'2 ( 80 s irradiation time) after which there is relatively little increase 
and the shape of the graph begins to plateau. The other significant trend is that the RobS values
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obtained are higher at each particular time interval, the lighter/smaller the incident ion 
species.
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Fig. 4.7: Time-dependence o f the observed Iq/Iq ratio for 5 keV ion irradiation.
This seems to be counterintuitive, since smaller ions will have less probability of colliding 
with a carbon atom and initiating a collision cascade. Conversely, larger ions such as Xe+ will 
have a larger destructive area and may interact with more than one carbon atom at a time. 
However, the differences observed are related directly to the penetration depth of the ions 
into the graphite material, which itself is dependant on the ion mass. To calculate the 
penetration depths of the ions into the graphite and their behaviour as they penetrate the 
surface, a Monte-Carlo code, The Stopping and Range of Ions in Matter (SRIM 2008) [54], 
can be used. The theory behind this has been discussed in detail in Chapter 3.
4.4.1.1. Ion Implantation Profiles -  SRIM 2008
The damage profile within a target caused by ion bombardment is known to be approximated 
by a Gaussian function [46]. The SRIM 2008 code can calculate this for many ion-solid 
interactions and for the irradiation of graphite by 5 keV He+, Ne+, Ar+ and Xe+ ions the 
results are presented in Table 1:
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Table 4.1: Parameters of the damage profile approximated by a Gaussian function for the irradiation of graphite 
by 5 keV ions. Xo is the mean implantation depth, o is the standard deviation and p is the whole range of energy 
distribution, which is the range over which the ions deposit all their kinetic energy.
Ion Ion Mass 
(amu)
Xo(nm) o (nm) P (nm) Vacancies/ion
He+ 4.00 23 29 88 29
Ne+ 19.99 3 6.25 22 60
Ar+ 39.96 1.5 4 12 63
Xe+ 131.9 0.7 3 9 74
Fig. 4.8 is a representation of the distribution of the ions, initially travelling with 5 keV 
energy, as they enter the graphite matrix. The maximum of each curve gives the mean 
penetration depth for that ion. The effect of ion mass is clearly observed, with He+ ions 
spreading themselves across a relatively large range throughout the target whereas the much 
larger Xe+ ions implant over a very short range.
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Fig. 4.8: The implantation profiles of 5 keV He+, Ne+, Ar+ and Xe+ ions in graphite modelled by SRIM 2008.
From Fig. 4.8 we can envisage a scenario by which a heavier, larger ion may not penetrate as 
deeply as a lighter ion, for the same energy; the heavier atoms may cause significantly more 
damage by producing many more carbon atom displacements. On the other hand a lighter ion 
may cause much less damage in that same particular region but may cause more damage at
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greater depths to which the larger ions could not reach. This is emphasised by the increase in 
vacancies per ion as ion mass increases, with a Xe+ ion causing approximately 74 
vacancies/ion whilst a He+ ion produces only 29 (Table 4.1).
To get accurate information on the damaged caused by the various ions, and hence 
understand more effectively the influence of ion mass, it is important to analyse the Raman 
data coining from the damaged region only. This is because the optical skin depth, that is the 
depth at which the Raman laser can penetrate into the graphite, is 40 nm for light of 
wavelength 514.5 nm [47-48]. Therefore, the data in Figs. 4 .6b-d  consists of a superposition 
of both damaged and undamaged regions, which for Xe+ particularly is largely the latter, and 
can perhaps give a misleading representation of the true ion effects. If for example Raman 
information was obtained from only the first 5 nm then the signal for the disorder induced 
band would be far stronger for Xe+ irradiation, even stronger than for He+ irradiation. This 
has been proved by Ishida et al [55] who studied HOPG irradiated by 2 keV argon ions 
through surface enhanced Raman scattering (SERS); their results agreed with their 
predictions and the D band intensity was far higher than an identical sample carried out 
through traditional Raman analysis.
To obtain the actual intensity Id/Iq ratio, from the damaged region only, the observed 
intensity ratio, Robs must be converted to the actual intensity ratio, Ro, through the following 
equation:
*obs = f  ^ r(JC)exp(-8;rmjc/ X)dx (Eq. 4.2)
Where p is the whole range of energy deposition (see Table 4.1), m is the optical parameter 
(0.9 for carbon material), X is the wavelength of the exciting light, x is the depth and F(x) is 
the depth profile of the damaged layer, normalised to unity).
To solve Eq. 4.2 it is first necessary to run the SRIM calculation for a period of time under 
the correct parameters: ion energy, incident angle, target identity (graphite) and density. A 
simulation of the ion-graphite interaction including the resulting cascades is run and after an 
appropriate amount of ions, in this case 5000, the simulation is then stopped and the data 
exported and fitted to a Gaussian distribution.
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Fig. 4.9 is a screenshot taken from SRIM 2008 run for the parameters outlined in Table 1. 
The different damage profiles can be easily seen for the different ions studied.
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Fig. 4.9: A visual representation o f the distribution o f 5 keV He+, Ne+, Ar+ and Xe+ ions (left to right) as they 
penetrate a graphite surface. Green represents displaced carbon atoms and red represents the ion path.
For each of these ion irradiation simulations SRIM can output files providing information on 
the energy distribution of the ion before coming to rest. The data can be plotted and a 
Gaussian curve can be fitted.
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Fig. 4.10: Plot o f ion energy distribution as calculated through SRIM 2008 for 5 keV He+, Ne+, Ar+ and Xe4 
passing through graphite. The black line is the result o f a Gaussian fit.
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The Gaussian is fitted such that the integral of the area under the curve is normalised to unity. 
This then allows for Eq. 4.2 to be solved giving values of Ro ~ 1, 1.5, 2 and 3 X RobS for He+, 
Ne+, Ar+ and Xe+ respectively and thus a plot analogous to Fig. 4.7 can be made with actual 
intensity ratios for each of the ions (Fig. 4.11).
The results now show that the ions of heavier mass actually lead to a higher Id/Ig ratio i.e. 
lead to increased damage albeit throughout a smaller depth. Therefore for breaking bonds and 
causing significant loss of structure i.e. a tendency towards amorphisation in the surface area, 
a heavier, larger ion should be used.
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Fig. 4.11: Time-dependence o f the actual Iq/Iq ratio, calculated through Eq. 4.2.
4.4.2. Effect of Ion Mass
As described in Chapter 3, the relationship between incident ion mass and the amount of 
damage incurred on the target is quite complex. It would be intuitive to expect, for a constant 
energy/velocity, that heavier larger projectiles will cause more damage. However, despite a 
greater momentum (P=mv), heavier ions are slowed more effectively by the bulk substrate,
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leading to a relatively low penetration depth. On the other hand, lighter ions of lesser 
momentum will travel further into the target material because the amount of collisions with 
the host atoms are significantly less.
From Fig. 4.7 it can be seen that the observed Id/I g ratios are higher for light He+ ions than 
for heavier ions this can attributed to the reasons discussed previously. Table 4.2 contains the 
actual Raman intensity values which show an increased Id/Ig ratio, in the damaged region, for 
the heavier ions.
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Fig. 4.12: Raman spectra of HOPG irradiated with ions of varying mass at an equal dose of 5.0 x 1014 ions.cm'2
Other notable features include a difference in linewidth as the ion mass changes; however, 
the change is non-linear. Nakamura et al [56] have shown an increase in linewidth to be 
inversely proportional to crystallite size, in the same way as the Id/Ig ratio is, and 
consequently an increased linewidth can be taken as a loss of crystallinity. Linewidth is
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expected to increase with increasing dose [44], and indeed this is observed in the present 
study, however it has also been found previously to increase at a faster rate for larger ions 
which, for the data obtained in this study, is not the case.
Table 4.2: Results of Raman analysis of HOPG irradiated with ions of varying mass at an equal dose of 5.0 x 
1014 ions.cm'2.
Ion Ion Mass 
(amu)
Projected Range 
at 5 keV (nm)
D band
linewidth
(cm 1)
Observed Id/Ig 
ratio (Robs)
Actual Id/Iq 
ratio, R0
He+ 4.003 42.6 42.2 1.21 1.21
Ne+ 19.992 9.8 78.6 0.95 1.425
Ar+ 39.962 7.1 58.3 0.74 1.48
Xe+ 131.904 7.1 63.2 0.57 1.71
4.43. Effect of Ion Energy
The effect of changing ion energy is to increase the overall momentum of the incident 
particle and hence to subsequently increase its mean penetration depth into the graphite 
target.
An increase in the initial kinetic energy of the ion will result in an increase in the maximum 
amount of energy transferred to the first carbon atom that is hit, and hence will result in that 
primary knock-on atom having more energy with which to complete its collision cascade, 
resulting in more atomic displacements and structural disorder [57].
The SRIM simulations, Fig. 4.13 show that as expected He+ irradiation causes far more wide­
spread damage than Xe+ for an equivalent energy, with carbon atoms being displaced beyond 
100 nm for 8 keV irradiation (Table 4.2). The Xe+ irradiation is much more localised to the 
surface region, however one can presume, due to the far greater size, that the damage within 
this area is considerably higher. Energy distributions follow a Gaussian profile, with the 
mean penetration depth increasing with energy, considerably more for He+ than for Xe+ since 
more energy is required to implant Xe+ further due to its higher mass (Figs. 4.14 and 4.15).
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Fig. 4.13: A visual representation of the collision cascades generated from He+ (top row) and Xe+ (bottom row) 
irradiation o f graphite at ion energies o f 2 keV, 4 keV, 6 keV and 8 keV (from left to right respectively) as 
simulated by SRIM 2008. Green represents displaced carbon atoms and red represents the ion path.
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Fig. 4.14: Ion implantation profiles calculated through SRIM 2008 for He+ irradiation into graphite at increasing 
ion energies The solid black line is the result o f a Gaussian fit.
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Raman analysis was carried out on identical virgin samples of HOPG irradiated with He+ and 
Xe+ ions at a constant fluence but at varying ion energies. The data obtained is shown in Fig. 
4.16 and validates the SRIM data shown in Figs. 4.13-4.15, that is the lighter He+ ion exhibits 
a higher Id/Ig ratio, for a given energy, due to its increased penetration depth into the 
graphite.
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Fig. 4.16: A Raman study into the effect of changing initial ion energy for He+ (top) and Xe+ (bottom).
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Fig. 4.17 exhibits a clear correlation between ion energy and Robs- For He+ an almost linear 
increase is observed up to an energy of approximately 6 keV before a slight decline begins at 
8 keV. These results can be explained by the linear relationship between ion energy and ion 
penetration depth (Fig. 4.18).
Since it is known that the optical skin depth is approximately 40 nm then at energies 
corresponding to penetration depths less than that, some non-affected, essentially virgin 
material, contributes to the Raman spectrum. However, the percentage of this contribution 
decreases as penetration depth (i.e. ion energy) increases, up until 40 nm is reached where the 
contribution from virgin material becomes essentially zero.
Due to the effects of ion straggling, and the inherent approximations associated with the 
SRIM software, its predictionsare not expected to be exact. For 6 keV ions the penetration 
depth for He+ is approximately 58 nm, which will result in no contribution from virgin 
material, and from Fig. 4.13 (above) it can be seen that for 6 keV the region around the 
optical skin depth experiences a lot of ion induced damage. For this reason we can expect 
Robs to be highest at this energy. As the energy is increased further, the mean penetration 
depth becomes quite significantly higher than the 40 nm target and as a result the majority of 
the ion-induced damage occurs beyond this and therefore is not observed through the Raman 
analysis, thus most probably explaining the slight decrease in Robs-
This affect is more prominent for lighter particles such as protons and helium ions since they 
have smaller collision cross-sections and are stopped through electronic processes rather than 
nuclear collisions. This means that such particles will not typically interact with the host 
lattice until it starts to slow down and reach the end of its trajectory path. Therefore high 
energy irradiation with light particles is expected to show no considerable signs of damage 
through Raman analysis since the mean penetration depth will far exceed the optical skin 
depth and for the reasons explained, there will be very little damage caused within the 40 nm 
threshold.
SRIM 2008 can estimate the amount of energy transferred to the first carbon atom and the 
results are displayed in Table 4.3. A much larger percentage of the initial energy is 
transferred to the carbon atom for the heavier Xe+ ion than for He+. This trend is expected 
from the theory of the interaction of ions with matter, discussed in Chapter 3.
97
Chapter 4 Raman Analysis
■ (He+)
1.6-
1.5-
1.4-
1.3-
1.2-
o 1.1 -
CO
QL 1.0-
o
0.9-
"O 0.8-0
£ 0 .7 -
0w 0.6-
o 0 . 5 -
0 . 4 -
0 .3-
0 .2-
0.1 -
0 1 2 3 4 5 6 7 8 9  
Ion Energy (KeV)
Fig. 4.17: Energy dependence of observed Id/Ig ratio for He+ and Xe+ at a constant dose of 8.0 x 1014 ions.cm'2.
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2008.
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Consequently more vacancies are produced from each ion due to higher energies of the 
primary knock-on atoms leading to prolonged collision cascades.
From Fig 4.17 we see that in the case of Xe+ irradiation an almost linear increase is observed 
up to 8 keV, as the penetration depth is far lower than the optical skin depth even at this 
energy. The linear trend would be expected to continue up to and beyond an energy of 90 
keV (whereby the penetration depth of Xe+ at this energy is equal to the optical skin depth of 
40 nm), and will not decline beyond this threshold due to its larger collision-section and its 
loss of energy through nuclear interactions and atomic displacements.
Table 4.3: Effects of ion energy on various parameters, for He+ and Xe+ irradiation. Xo is the mean penetration 
depth and p is the whole range of energy deposition.
Ion He+ Xe+
Energy (keV) 2 4 6 8 2 4 6 8
Xo(nm) 20.1 39.4 57.9 76.2 6.8 8.6 10.0 11.3
P (nm) 41 71 98 122 5 7.6 10.0 12.5
Energy transferred to first C 
atom (keV)
0.76 1.28 1.82 1.95 1.60 3.36 5.12 6.87
Vacancies/Ion 14.6 23.0 30.0 33.5 31.0 58.5 84.5 108.8
D band Linewidth (FWHM)
(cm1)
38.3 39.4 49.1 58.4 40.9 44.9 48.3 48.7
4.4.4. Second Order Raman Spectra
Analysis of second order Raman scattering in graphite is related to any peaks obtained with 
Raman shifts greater than 1700 cm'1 in the Raman spectra and corresponds to overtones and 
combinations of the disorder-induced bands observed in the first-order spectrum [19]. From 
Figs. 4.1 and 4.17, it can be seen that the second order spectra are dominated by an intense 
peak at 2710 cm'1 and two smaller peaks at 2450 cm'1 and 3250 cm'1. In some cases, in more 
disordered carbons, another peak is observed at 2950 cm'1. Even though the second order 
spectrum is somewhat less informative on the level of structural disorder present, previous 
work has shown the second order spectrum to be even more sensitive than the first order 
spectrum to the formation of heavy lattice damage within the optical skin depth, and therefore
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it is important to study the origin and nature of these peaks [58] along with their behaviour 
under ion irradiation.
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Fig. 4.19: The second order Raman spectra obtained for virgin HOPG, Gilsocarbon and PGA.
The most prominent peak is observed at twice the energy of the D band, at 2710 cm'1 (2 x 
1355 cm'1) and hence is ascribed the D* mode [26]. Ferrari noted that the position of this 
peak shifts with excitation energy and as a result can be attributed to a double-resonant 
Raman scattering event, in the same way as its first-order counterpart [59]. Such a process 
links the phonon wavevectors to the electronic overtone of the D mode where the electron is 
backscattered by a second phonon instead of a defect [19] and probably arises from the 
flatness of several branches between K and M in the band structure [60], occurring through 
the selective enhancement at a particular phonon frequency. The details of double-resonant 
Raman processes in graphite is a complex field and will not be discussed in detail here, 
however a good description can be found in the review by Reich and Thomsen [19]. In virgin 
graphite the D* band is clearly a doublet, consisting of two peaks centred at approximately 
2695 and 2735 cm'1 [35] and has been shown to be a good indication of c axis ordering and 
consequently of turbostraticity [61].
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The lowest frequency band in the second order spectrum is a step rise feature occurring at 
2450 cm'1 and is found to be present in both virgin and disordered samples. The origin of this 
band was investigated by Shimada et al [62] and Maultzsch et al [63] who found that, unlike 
the D* band, the position of the peak does not change with changing laser excitation energy 
and as a result was attributed to q = k phonons through a combination of transverse optical 
(TO) and longitudinal acoustic (LA) phonon modes [64-65]. The energy of the peak is 
approximately twice the peak at 1225 cm'1 and is therefore associated with the peak observed 
in the density of states in the Nicklow, Wakabayashi and Smith (NWS) model [28] and is 
seen as an overtone of longitudinal optical (LO) phonons near the k-points observed 
experimentally by Elman et al [58]. Additionally this feature is thought to arise from 
phonons in the same k-space region as that of the D* band and represents the intersection of 
the low-frequency and high-frequency “in-plane” modes [66].
The highest frequency band in the second order spectrum occurs at 3250 cm'1 and thus can be 
attributed to scattering from the highest frequency portions of the £  and T branches [23]. The 
energy is almost twice that of the observed D’ band (2 x 1620 cm'1) and hence Nemanich and 
Solin [15] propose this occurs due to overtone scattering of the highest frequency feature in 
the first order spectrum
4.4.4.1. Disorder Induced Changes in the Second Order Spectrum
As structural disorder increases e.g. from HOPG to nuclear grade polycrystalline graphites, or 
as a result of ion bombardment, the second order spectrum becomes affected in a variety of 
ways. The prominent area to be affected, even at relatively small doses is the appearance of 
the D* band at 2710 cm'1. The clear doublet structure starts to become distorted and a broader 
peak is observed. Such a result is indicative of structural disturbance and is consistent with 
poorly organised stacking of the graphite layers [66].
Fig. 4.20 shows the change of the second order spectrum with increasing amounts of 5 keV 
He+ and Xe+ ion bombardment. Ne+ and Ar+ are omitted for the sake of brevity but follow the 
expected trend, as observed in the first order analysis (Figs. 4 .6a -d )
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Fig. 4.20 A time resolved analysis of the second order Raman spectra obtained for 5 keV ion irradiation of 
HOPG, for He+ (top) and Xe+ (bottom) at a constant ion flux of 5.0 x 1012 ions.cm'2s. Each spectrum was taken 
at twice the total irradiation time of the previous spectrum, up to a time of 320 s.
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The intensity of the D* band decreases with increased ion fluence and starts to broaden and 
lose its clear doublet structure. Barros et al [66] have suggested that the broadening occurring 
towards lower energy is due to a contribution from graphene-like material (2-dimensional 
graphite), which consists of a single narrow component, centred at approximately 2670 cm'1. 
Other observations include the overlap of the 2450 cm'1 band with the D* band, also 
contributing to the broadening and structure of the D* band. It is also observed that upon 
increasing dose the signal to noise level is reduced and subsequently the band at 3250 cm'1 is 
not seen at higher doses. As is the case in the first order spectra, the disorder induced changes 
are more prominent for He+ irradiation and again this is due to the effect of ion mass on the 
penetration depth.
The final point of interest is the appearance of another broader band at 2950 cm'1, which 
appears as the samples become more disordered, that is as the crystallite size gets smaller. 
Tsu et al suggested that the 2950 cm"1 band is due to hydrogen impurities; [39] however, 
Nemanich and Solin [26] carried out polishing experiments and found that this band appears 
reasonably strongly as a result of the polishing process and thus is likely to be related to 
‘damage* not impurities. Wright et al [67] ascribe the 2950 cm'1 band to a combination of 
scattering associated with the D and G bands (1355 + 1580- 2950). However, it can be seen 
that the sum of the frequencies of the 1355 and 1620 cm'1 first-order modes is even closer to 
the 2950 cm'1 feature and hence it can be argued that this feature is caused from a 
combination of the mentioned strong density of states in the first-order spectrum. Analysis by 
Nemanich and Solin [23] of the linewidth of this mode also provides evidence consistent with 
this explanation, since the width is very similar to that of the overtone mode at 2710 cm'1. 
This would be expected as this mode is an overtone of the 1355 cm'1 feature and the feature 
at 1620 cm'1 would make up the small difference as this band is very narrow.
Unlike the first order spectra there is no real method of quantitatively relating the second 
order Raman spectrum directly to the damage caused i.e. there is no applicable analogue to 
the TK relation for the second order peaks. Therefore one must analyse the spectrum 
carefully, using the decrease in the D* intensity, the increased broadening and the appearance 
and prominence of the disorder induced 2950 cm*1 peak as a visual representation of the level 
of damage.
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4.4.4.2. Effect of Ion Energy on the Second Order Raman Spectrum
In an analogous manner to the first order spectra, the second order Raman spectrum depends 
on the ion energy and its affect on the penetration depth of the ion. Again, He+ shows the 
most significant change in the second order spectra, being remarkably different from the 
virgin material, the more so as the ion penetration depth reaches the optical skin depth. Xe+ 
does not penetrate as far and as a result, even at 8 keV irradiation, the second order spectrum 
is relatively similar to the virgin material, though some marked ion induced effects are clear. 
The results obtained from Fig. 4.21 confirm that the second order spectra behave as expected 
like the first order spectra in terms of changing towards a more amorphous-like spectrum as 
ion energy increases.
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Fig. 4.21: A 2nd order Raman study of the effect of changing initial ion energy for He+ (top) and Xe+ (bottom). 
All samples were irradiated to a constant dose.
4.5. Conclusion
The Raman spectra of graphitic materials are extremely complex and still not fully 
understood at the fundamental level. However, despite this, the results are interesting and can 
provide information on the structure of the material at the atomic scale. The Raman spectrum 
is highly sensitive to structural deformation and is therefore affected greatly through ion 
irradiation as well as neutron bombardment. The T-K relation can be used to assess the 
structural disorder present within the system and is a useful means of assessing the total 
damage caused through ion irradiation.
However, at higher doses, when the crystallites become very small and long-range order is 
reduced significantly, the T-K relation breaks down and cannot be used on its own to assess 
the structural damage. At this point other factors may be used such as the extent of 
broadening, the increase in linewidth, particularly for the D band, and also the emergence of a 
third band at 1500 cm’1, only present in highly disordered systems. The second order spectra
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may also be used to study the affects of ion irradiation, particularly through the emergence of 
the 2950 cm'1 peak and the decrease in intensity of the D* peak.
SRIM 2008 has been shown to be a useful tool in predicting the extent of damage caused by a 
particular ion at a particular energy in a particular material. Using the program, accurate ion 
penetration depths can be deduced, allowing for meaningful analysis of the Raman spectra 
obtained.
In summary, increasing the ion mass leads to more pronounced structural damage through 
more atomic displacements, although the actual extent of the damaged region is reduced. 
Generally, for analysis through Raman spectroscopy the penetration depth of the ion must be 
comparable to the optical skin depth of the laser, which is approximately 40 nm in this 
instance. When this is the case the observed Raman spectrum gives a reasonable description 
of the damage to the system; however when the penetration depth is less than 40 nm, is often 
the case for ions of higher mass, the Raman spectra obtained consisted largely of signal from 
essentially virgin material. When corrected for, the results indicate a significant increase in 
damage for heavier ions for the same dose. Also as expected, increasing the ion energy 
increases the damage due to more energetic collision cascades being initiated. However, once 
the energy results in an ion penetration depth higher than the optical skin depth then Raman 
analysis is not able to provide the full picture of damage accumulation in the material.
Finally, as expected the Raman spectra obtained for ion irradiated graphite are analogous to 
those obtained for neutron irradiated specimens, even at relatively low energies. This 
confirms that, within the optical skin depth at least, the nature of the damage caused through 
ion-induced atomic displacements may, using the correct irradiation parameters, successfully 
mimic those induced through neutron bombardment occurring throughout the reactor 
lifetime.
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Thermal annealing o f Ion Irradiated Graphite
5.1 Introduction
Temperature is an important factor in the context of this work. It is crucial since the amount 
of radiation induced damage within a graphite system is dependant on the graphite 
temperature at that given time. Increasing sample temperature after irradiation will allow 
damage recovery to occur; this process, known as annealing, was used extensively in low 
temperature graphite moderated reactors to control the level of damage in the system. The 
temperature of graphite prior to irradiation is also known to affect considerably the damage 
accumulation within the system.
This chapter will focus on the affects of temperature on samples post irradiation and also on 
how the temperature of the sample during the irradiation affects the accumulation of damage. 
Raman spectroscopy, differential scanning calorimetry (DSC) and transmission electron 
microscopy (TEM) are utilised and previously published background and theory will also be 
discussed.
5.2. Experimental
The apparatus used to conduct the experiments are discussed in detail in Chapter 2. The 
controlled sample heating was achieved in a Carbolite® tube furnace programmed to heat to 
the desired temperature at the desired ramp rate. The furnace was equipped with an oil 
bubbler to ensure a constant flow of inert N2 gas during operation. The heating ramp rate was 
20 °C/min and the holding time at each temperature was 0.5 hrs, unless otherwise stated.
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and will not be covered extensively here. Perhaps in the context of this research the most 
interesting defect is the intimate Frenkel pair defect which will be discussed later.
5.3.1. Stored (Wigner) Energy
One consequence of the production of many defects is the associated build up of potential 
energy, referred to as stored energy or Wigner energy. As discussed in Chapter 1 the creation 
of stored Wigner energy within a graphite matrix, as a result of fast neutron bombardment, is 
of concern due to the potential threats it can pose; particularly during decommissioning 
through rapid and uncontrollable temperature rises which have been calculated to 
theoretically reach temperatures as high as ~1500 °C[11]. Simply, the presence of unstable 
stored energy can be responsible for damage to graphite reactor cores [12].
An effective means of detecting the build up of stored energy is through standard calorimetry 
techniques [13-15]. One of the first measurements of Wigner energy release on neutron 
irradiated graphite was carried out in the 1950’s on graphite irradiated at < 130 °C in the Oak 
Ridge graphite pile. These measurements recorded an energy release of 29 J/g upon heating 
from room temperature to 300 °C at 2 °C/min [16]. Other studies were carried out into the 
release of stored Wigner energy throughout the 1950s and particularly 1960s in graphite 
taken from Argonne [17], Hanford [18] and Chalk River [19]. Such work was deemed all the 
more important particularly after the 1957 Windscale fire, of which Wigner energy release 
was the indirect cause [12]. Further investigations were carried into stored energy release 
from neutron irradiated graphite by Bochirol, Bonjour and colleagues at Grenoble [20-22]. 
An extensive review of all this work and the theory behind the calorimetric investigation into 
stored energy release is given by Nightingale [23].
The linear-rise calorimeter described by Cottrell et al [24] allows a stored energy release 
spectrum to be generated for an irradiated sample. Simply, an irradiated sample is heated 
together with an identical unirradiated sample and the temperature of each sample is kept the 
same. The difference in electrical power used to maintain the sample temperatures equal is 
recorded and is equal to the rate of stored energy release. Thus a spectrum of the rate of 
energy release as a function of temperature against annealing temperature can be produced. 
Such a spectra is shown below, and shows significant energy release taken from CSF graphite 
irradiated at approximately 30 °C [25].
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5.3. Overview/Background
In 1942, Hungarian physicist Eugene Wigner predicted that the carbon atoms present in the 
graphite moderator of a fission reactor could be displaced from their lattice sites [1]. Each 
fast neutron can produce thousands of displaced atoms and associated vacancies (Frenkel 
Pairs) leading to the variety of changes observed in the physical properties of irradiated 
graphite; such changes have been well studied [2-4] and the general change in properties seen 
in irradiated graphite is referred to as the Wigner effect.
COLLAPSING
VACANCY
LINE
Fig. 5.1: Illustration o f effects o f irradiation o f  graphite. Such irradiation induced changes lead to changes in the 
physical properties such as increased elastic modulus, increased strength and decreased thermal conductivity [2].
In the early stages of irradiation, energy will be stored in simple defect types, involving a 
single Frenkel pair. However, as irradiation continues, various atomic scale processes will 
occur leading to more complex defect systems and effectively a ‘defect zoo’ [5], covering 
varying length scales within the graphite matrix. The ‘defect zoo’ will consist of various 
types of defect structures, each with different energies leading to different effects on the 
structural and electronic properties of the system. Defects may be interstitial atoms, 
interstitial clusters, mono-vacancies, or multi-vacancies. Multi-vacancies can occur when 
knock-on atoms are formed at sites close to single vacancies. Eventually more complex 
defect structures such as dislocation dipoles [6] and dislocation loops [7-8] may be formed as 
rapid diffusion of mobile interstitials causes successive knock-ons, close to the end of 
collapsed lines, to collapse to the basal planes. Such defects are one focus of study at the 
University of Sussex [9] where work on understanding defect behaviour in carbons also has 
some potential applications in the exciting field of carbon nanostructures [10]. An excellent 
review of the defects formed, their behaviour and physics is given by Telling and Heggie [5]
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Fig. 5.2: DSC data showing the stored-energy release curves o f  CSF graphite irradiated near 30°C [25].
The spectra show clearly that a large energy release is observed around 200 °C, a feature 
often seen in neutron irradiated graphite [26] referred to as the Wigner energy release peak.
More recently, a study by Lexa and Kropf [27] involved DSC analysis of graphite irradiated 
in the inner thermal column of the ASTRA research reactor. Several samples of graphite
17 on 7exposed to varying degrees of radiation ( - 1 0  to -10 n/cm ) at temperatures below 
100 °C, were found to exhibit varying amounts of Wigner energy release, from 25 to 572 J/g. 
Interestingly, at relatively high doses (> 5.0 xlO19 n/cm2) the peak at 200 °C disappeared, a 
phenomenon observed previously [28], and instead a much broader, continuous energy 
release is observed throughout the temperature range.
5.3.2. Energy Storage and Thermal Annealing
In irradiated graphite energy is stored amongst the various defect systems present. The total 
stored energy of the system, Est is known to equal the number of defects, N o f  a given type, 
times their energy of formation, summed over all j  defect types [5]:
(Eq. 5.1)
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Upon heating, various energy release peaks can be observed, each relating to a defect of a 
given type gaining enough energy to overcome their particular energy barrier and move to a 
more stable, lower energy state; you could say to a less complex defect. In the case of the 
simple Frenkel pair defect, this energy release may be due to annihilation and hence complete 
removal of the defect altogether.
Many early studies allowed the energy stored within a interstitial-vacancy pair to be 
estimated [29-31]; however, presently, after many years of study, there is still mostly 
speculation with regards to the fundamental processes behind Wigner energy accumulation 
and release on the atomic scale. Early work carried out in the 1960s theoretically calculated 
the formation energy of a Frenkel defect to be 20.6 eV, which was made up of 10.7 eV, the 
formation energy calculated for a vacancy [32] and 9.9 eV, the formation energy calculated 
for an interstitial [33]. This value assumes that the interstitial atom does not form covalent 
bonds with its neighbouring atoms and was found to agree with the experimentally derived 
value of 18±4 eV [34],
An in-depth studied was carried out in this area by Iwata and co-workers [34], who came to 
establish an interpretation of the recovery mechanisms summed up as follows:
1. Single interstitial atoms may migrate even at temperatures far below liquid nitrogen 
temperature and gather together to form loosely coupled clusters at slightly higher 
temperatures [34].
2. Interstitial C2 carbon molecules are formed near 100 K, contributing to the reverse 
annealing in electrical resistivity [35].
3. C2 molecules migrate at around 160 K forming larger clusters [36].
4. Larger sized clusters of C2 molecules decompose to smaller constituents near 200 °C 
which in turn recombine with vacancies or are absorbed into larger clusters, causing 
the commonly observed Wigner energy release peak.
Later work carried out by Iwata on graphite samples taken from the JAERI JRR-2 reactor 
using DSC analysis [37] showed significant Wigner energy release . The graphite was
“91 9exposed to a fast neutron fluence of 4.0 x 10 n.m' at a temperature of 80 °C. The majority 
of the energy was released when the sample temperature was between 150 -  300 °C. At a 
ramp rate of 20 °C/min, which is what was used in this study, the maxima of energy release
114
Chapter 5 Thermal Annealing
was approximately at 200 °C. Iwata observed that the total energy release involved three 
different energy peaks, combining to give a total energy release of 8 ± 1 J/g. The three peaks 
follow first order kinetics with average activation energies of 1.34 eV, 1.50 eV and 1.78 eV 
being calculated, each corresponding to a different rate determining step namely the 
decomposition of different interstitial molecules.
The table below is taken from the paper by Iwata [37] and outlines the steps considered to be 
involved in the annealing:
Table 5.1: Proposed mechanism of Wigner energy release in irradiated graphite. C2 relates to interstitial carbon 
molecules, and V means vacancy. Annihilation of C2 molecules with vacancies results in significant energy 
release [37],
Energy Released Rate-determining
reaction
Successive reactions
1.34 eV CM
O
—►  C2 + C2 C2 + 2V -----------► annihilation
C2 + (C2)2 -----------► (C2)3
C2 + (C2)3 -----------► (C2>4
1.50 eV
(^2)3 -►  (C2) 2 + ^2 — ► 3C2 C2 + 2V -----------► annihilation
C2 + (C2)3 -----------► (C2>4
1.78 eV (^2)4 -►  (C2) 3 + ^2 — ► 4C2 C2 + 2V ------ ► annihilation
More recent studies, however, through the implementation of first-principle quantum 
mechanics, particularly density functional theory (DFT), have helped to shed new light on the 
annealing processes on the atomic scale, providing a deeper understanding of the processes 
behind Wigner energy release [38-39]. DFT can be used to calculate energies and forces on 
atoms from fundamental constants, atomic number of atoms and the Schrodinger 
equation [40-44]. In contrast to early research (discussed above), scientists now believe that 
the interstitial atoms may well bond with neighbouring atoms, and the huge diversity 
associated with such bonding means that there are many types of defect possible [45-50]. The 
affect of each defect on the properties of graphite depends on its complexity and stability; 
some defects may undergo very small rearrangements requiring less than 1 electonvolt
115
Chapter 5 Thermal Annealing
whereas others, such as the pinning of entire dislocations, will require much more energy to 
anneal out.
5.3.3. The Intimate Frenkel Pair.
Ewels et al [38] have reported the 200 °C Wigner release peak to be a result of the 
annihilation of an intimate Frenkel pair. This intimate Frenkel pair was calculated to have a 
barrier to recombination of 1.30 eV, a value close to the previously reported 1.38 eV [26], 
associated with the 200 °C peak. Employing a first principles approach, using the AIMPRO 
code the author was able to develop a structure for the intimate Frenkel pair, shown below:
o—a 
;o-~o'
p ~
Fig. 5.3 : The metastable intimate Frenkel pair, I+V* defect, taken from the review by Telling and Heggie [5].
The TV* complex consists of a C atom bonded to one of the three C atoms neighbouring the 
vacancy. It also forms two covalent bonds with C atoms from the graphene sheet below. The 
two other C atoms neighbouring the vacancy form a weakly reconstructed bond. The intimate 
I-V *  complex arises from other Frenkel defects produced through irradiation, namely the 
separated Frenkel pair, which has an energy of 13.7 eV compared to perfect graphite. 
Depending on the nature of the interstitial atom and the bonding geometry, the separated 
Frenkel defect will either form a Stone-Wales defect [38] (not discussed here), or more 
commonly the intimate I-V* defect shown in Fig. 5.3. Once the activation is acquired 
(through annealing) the intimate I-V* defect system can relax into a ‘perfect’ graphite 
structure, releasing a further 10.1-10.8 eV, a significant energy release [38].
It also should be noted that a lesser known Wigner energy release peak is also observed at 
approx 1400 °C[51], corresponding to an energy barrier of 5.5 eV [5]. The deep trap 
responsible for this peak is not entirely certain; however it is likely that it corresponds to the 
breakdown of stable, complex prismatic loops that require significant temperatures in order to
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be affected [52]. This peak is also of importance as it can potentially result in a release of 
heat, above the specific heat capacity, causing a dangerous and rapid heat rise during reactor 
operation.
The work carried out in this chapter involves the use of ion irradiation, under various 
experimental conditions, to try and simulate the affects of neutron irradiation in terms of 
introducing stored, Wigner-like energy into the system, with the aim of observing such 
energy release through modem calorimetric methods, such as differential scanning 
calorimetry (DSC). Again, using ions to simulate the effects of fast neutron bombardment is a 
valid concept, which can be carried out readily with standard laboratory equipment, making it 
convenient and relatively inexpensive [53]. This approach is very interesting; however 
currently there is a significant lack of publications involved in this particular work. If Wigner 
like energy could be introduced through ions in a cheap and simple manner then this would 
allow a much greater understanding of the potentially hazardous phenomenon of Wigner 
energy to be obtained rather rapidly, with obvious benefits to the nuclear community.
5.4. Results and Discussion
5.4.1. Room Temperature Irradiation
5.4.1.1. DSC Analysis
Modem studies into heat release from graphite samples involves the use of differential 
scanning calorimetry (see Chapter 2) to heat the samples, in this case under an inert 
atmosphere. Graphite discs were irradiated, at room temperature, with 5 keV He+, Ne+, Ar+ 
and Xe+ to a dose of ~1.6xl019 ions.m'2. Each irradiated disc was placed in the sample pan 
and an identical, but unirradiated, graphite disc was placed in the reference pan. N2 gas was 
flowed through the pans at a rate of 20 ml.min'1 throughout the duration of the experiment, in 
order to minimise the potential for oxidation. The results are shown below in Fig. 5.4.
Results indicate that in all cases no stored energy release is observed, that is the spectra for 
the virgin sample and the ion irradiated samples are essentially the same. For each sample a 
second heating run was carried out which were almost identical to the first, again suggesting
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that no heat was given off from the sample in the first run i.e. there was no observable heat 
release as a result of defect annihilation.
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Fig. 5.4 : DSC traces obtained from 5 keV inert-gas ion irradiation o f nuclear grade graphite at a total fluence 
of ~1.6xl019 ions.m'2 at 298 K. Below 75 °C the instrument is reaching equilibrium.
In some respects this is unexpected since we know that, from the theory discussed in Chapter 
3, the collision mechanisms are essentially the same for charged ions and for neutrons. That 
is, graphite will become amorphised, due to the build-up atomic defects, after exposure to 
radiation regardless of the incident species [54-55]. Also an investigation carried out by 
Willis and co-workers [56] concluded that heavy-particle bombardment of graphite would 
indeed produce observable Wigner-like stored energy into graphite, in an analogous fashion 
to neutron bombardment.
In the case of charged particle bombardment, however, the penetration depth and hence the 
depth of the resultant damage layer is considerably smaller than that caused by neutron 
bombardment. At these relatively low energies, even in the most penetrating case of He+, the 
damage layer will not extend far beyond 50 nm. Iwata has stated that despite being very 
informative the measurement of stored energy release is actually very difficult to observe and 
measure, in particular for charged particle irradiation [34]. The reason being that the 
irradiated cross-section of the sample is limited by the ion beam size, and so only a small
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sample may be used; this ultimately leads to fewer defects being produced and consequently 
lower energy release. However, the thinness of the sample is also very important and ideally 
the sample should be thinner than the range of the charged particles and the extent of the 
damaged layer. This would stop any contribution from virgin material interfering with the 
results. For these logical reasons it is somewhat not surprising that no Wigner energy was 
observed in these 5 keV ion irradiated samples, since the large majority (>99.99%) of the 
sample analysed was still virgin material. This is because with standard machining tools the 
thinnest graphite sample that can be achieved is 1.0 mm, using a rotating diamond saw.
§.4.1.2. Raman Study into Temperature Induced Recovery
Samples of HOPG ( 5.0 x 5.0 x 3.0 mm) were irradiated with 5.0 keV He+, Ne+, Ar+ and Xe+ 
ions respectively in the custom-built ion irradiation UHV chamber described previously 
(Chapter 2). A total ion dose of ~2.0xl018 ions.m'2 was administered at room temperature 
giving rise to the upper spectrum observed in each of Figs. 5.5a-5.5d. Each sample was then 
heated in a tube furnace in an inert N2 atmosphere to the desired temperature. Raman spectra 
were taken at temperatures of 25, 200, 400, 600, 800 and 1000 °C.
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Figs. 5.5a-5.5d: Raman spectra obtained for the annealing of 5.0 keV ion irradiated HOPG. Figs. 5a-5d
correspond to He+, Ne+, Ar+ and Xe+ respectively.
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Fig. 5.6: A graph showing the decrease in the actual Id/Ig ratio with increasing annealing temperature.
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The Raman spectra obtained for each ion studied displays the expected pattern; that is a 
decrease in the Id/Ig ratio with increasing temperature, a pattern observed previously in 
neutron irradiated nuclear graphite [57]. Fig. 5.6 is a comparison of the relative decrease in 
the actual Id/Ig ratios with increasing annealing temperature. The actual ratios used do not 
correspond to those observed in Figs. 5.5a-5.5d but instead take into account the difference in 
the depth and size of the damage layer for each ion. That is, Raman information received 
from virgin material is not considered and hence gives a more realistic interpretation of the 
recovery processes involved within the damaged layer only. This has been discussed in detail 
in Chapter 4. It should be noted that the ion dose administered in Figs. 5.5a-5.5d is less than 
that received by the samples in Fig. 5.4 yet from the measured Raman data ion-induced 
damage can be clearly seen.
From Fig. 5.6 we can deduce that there is an effect of ion mass on the recovery process, the 
nature of the damage caused. It seems entirely logical that a heavier, larger ion such as Xe+ 
will impart more destruction to the lattice system than a lighter ion such as He+. From this is 
follows that the nature of the defects will be different and that Xe+ would lead to a more 
catastrophic breakdown of the lattice structure, whereas He+ will cause more discrete packets 
of damage. Having said this, the annealing of the samples to 1000 °C results in very similar 
Id/Ig ratios for all the ions studied, suggesting that such temperatures are high enough to 
recover even the more complex defect systems, quite remarkably, at these fluences at least.
In all cases there is a significant decrease in the Id/Ig ratio upon heating the samples from 
25 -  1000 °C, a recovery process that seems to occur in several steps, proceeding in the same 
direction to that of graphitisation in the manufacturing process [58]. The initial heating phase 
of 25 -  200 °C causes a significant drop in the observed Id/Ig ratios. This is not surprising 
since there are a large number of relatively minor defect structures that require smaller 
activation energies with which to relax to their pre-irradiation positions. Niwase et al [59] 
observed similar results in 25.0 keV D+ irradiated HOPG and suggested that the defects 
produced were mainly in-plane, discrete and primitive, resulting in their relatively low 
temperature of recovery.
Such unstable defects would likely be single vacancies or vacancy clusters, which may 
readily recombine with interstitials; these, when parallel to the basal plane, have a very small 
migration energy of < 0.1 eV [60].
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temperature range 400 < T < 600 °C it appears that there are no breakdown or annihilation of 
defects suggesting that the nature of the specific defects formed under these particular 
irradiation parameters are relatively stable over this temperature range.
At temperatures of 600 -  800 °C there is a further recovery of damage observed, perhaps 
suggesting a second recovery stage has been initiated as a result of the increased thermal 
energy into the system, with the more complex defect structures breaking down into smaller 
clusters resulting in the observed decrease in the Id/Ig ratio. Interestingly, the rate of damage 
recovery in this temperature range is significantly higher for Ar+ irradiation than for the other 
ions. Again, reasons for this are not entirely clear and perhaps further repeat experiments 
should be carried out in order to confirm this result. The only logical reason for this increased 
recovery rate would be down to the mass and size of Ar+ being somehow more effective in 
generating damage clusters that are recovered at this stage; however as mentioned a further 
study would be needed in order to confirm and understand this.
In the final heating from 800 -  1000 °C a further drop in the Id/Ig ratio is observed, resulting 
in a near ‘perfect’ graphite system. For all ions studied the Id/Ig ratio at 1000 °C is very 
similar suggesting that at such high temperatures the majority of defects, regardless of the 
incident ion mass, are broken down and predominately annihilated. From Fig. 5.6 it is 
expected that even higher temperatures would eventually achieve a zero D band intensity, 
indicating a return to the pristine state; extrapolation of this graph indicates that the 
temperature needed may not be as high as perhaps expected. However, the reason for this is 
that in this case the ion doses administered were relatively low, and for greater ion fluence 
much higher temperatures would likely be required to achieve equivalent recovery due to the 
direct influence of radiation dose on defect complexity [5]. It has been reported in industry 
that even at temperatures as high as 2000 °C complete recovery is still not achieved [11].
5.4.1.3. Ion Implantation
An important factor that can cause damage to the graphite system is the implantation of the 
irradiated ion within the graphite lattice. It is conceivable that ions may easily come to rest 
within the material after losing all their kinetic energy, taking residence either between the 
graphene planes or even in-plane [61-62] in some cases, perhaps leading to significant 
disruption to the system on the atomic level. Such effects are expected to be larger with
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heavier ions/ions with larger atomic radii. This is because they can take up more room and 
result in a greater amount of reordering. One method of observing any ion implantation is X- 
ray photoelectron spectroscopy (XPS) which is able to give elemental identification at the 
surface of the graphite. Since the energies used here are relatively small then a significant 
presence of the incident species would be expected in the XPS analysis. This is justified 
through SRIM 2008, where estimated penetration depths at 5.0 keV are 230, 30, 15 and 7 
Angstroms for He+, Ne+, Ar+ and Xe+ respectively (Table 4.2. section 4.4.2). These values are 
the mean implantation depths and so there will of course be a proportion of ions present 
closer to the surface detectable through XPS.
In the case of He+ irradiation, the ions would penetrate too far to be detected through XPS 
which is highly surface sensitive. However, the facility reported here is unable to detect the 
presence of He+ within the sample, as the cross-section of the He+ ions are too small and 
beyond the detection limit of the system. It is expected that because of the small size of the 
He+ ions they would likely diffuse out of the graphite structure, far more easily than heavier 
ions of similar size and mass than the host carbon atoms would be able to.
5.4.I.4. XPS
The XPS spectra obtained from virgin PGA and virgin HOPG is shown below in Fig. 5.8
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Fig. 5.8 : XPS spectrum obtained for virgin PGA and virgin HOPG.
125
Chapter 5 Thermal Annealing
Obviously the largest peak is the carbon Is peak appearing at 284.5 eV. Other notable surface 
elements are oxygen, as expected, which is more present in the polycrystalline PGA, due to 
the preferential desorption of oxygen on step edges [63]. Nitrogen is also detected in the PGA 
sample, along with other small impurities such as Na and Ca possibly present as a result of 
the manufacturing process or through the handling of the samples [64]. The HOPG is cleaved 
immediately before analysis, allowing investigation of a fresh surface.
After irradiation with Ne+, Ar+ and Xe+ ions, each of these species were found to be present 
within the graphite surface through XPS analysis:
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Fig. 5.9: XPS spectra o f Ne+(top left), 
Ar+ (top right) and Xe+ (bottom) ion 
irradiated PGA showing the presence of 
each incident ion within the surface 
region. Ne Is, Ar 2p and Xe 3d refer to 
the core shell from which the detected 
photoelectron has come.
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The role of the implanted species is not really known however it must have an impact on the 
damage and the subsequent structure of the graphite lattice and also may play a role in 
hindering any recovery mechanisms. After annealing the samples the gas molecules are no 
longer observed through XPS, suggesting that they have been removed into the gaseous phase 
and likely caused further lattice disordering upon evaporation.
It is known that analysis of the Carbon Is peak can provide information on the type of 
bonding present within the system, where broadening of the peak has been related to more sp 
character bonding, which is indicative of a damaged graphite system [65-66].
Fig. 5.10 is a comparison of the C Is photoemission peak for each of the graphite samples 
studied.
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Fig. 5.10: XPS comparison o f C Is peaks for virgin and ion-irradiated nuclear grade graphite.
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The resultant broadening is clear. The full width at half maximum (FWHM) of the peaks was 
calculated through the CasaXPS software package and the results tabulated in table 5.2.
Table 5.2: Calculated FWHM for the C Is spectra of different graphites.
Sample Measured FWHM (eV)
Virgin PGA 1.00
He+ irradiated PGA 1.57
Ne+ irradiated PGA 1.65
Ar+ irradiated PGA 1.98
Xe+ irradiated PGA 1.70
Xe+ irradiated HOPG 1.69
The data in the table shows a general increase in FWHM with increasing mass of the incident 
ion. However Ar+ is an exception and is higher than expected, indicating that Ar+ causes the 
most damage to the graphite lattice, at least at the surface.
5.4.1.5. Effect of Ion Dose
High temperature annealing of neutron irradiated graphite does encourage lattice recovery, 
but due to the typically high neutron doses administered the graphite is not fully recoverable 
until T > 2000 °C, essentially the temperatures at which ‘graphitisation’ starts to occur in the 
manufacturing process [67]. This gives evidence that a high radiation dose will lead to 
increased defect complexity and hence the activation energies required to induce recovery 
will be higher. Niwase et al [59] studied the recovery of ion irradiated graphite and found that 
the recovery process occurred in different steps, involving the dissolution of both unstable 
and stable defects depending on ion dose. The less stable defects relaxed at relatively low 
temperatures, requiring little activation energy, and were attributed to vacancy clustering 
processes.
A further investigation into dose dependence on the recovery of ion induced damage is 
carried out here. Fig. 5.8 shows the recovery of 5 keV He+ irradiated graphite, which received 
a total ion fluence of ~1 .OxlO19 ions.m'2, 5x larger than that in Fig. 5.5a.
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Fig. 5.11: A Raman study into 5.0 keV HOPG irradiated with He+to a higher fluence o f~1 .0x l019 ions.
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These results agree with the work carried out by Niwase et al [59]; and Asari et al [68] 
showing experimentally the idea that prolonged irradiation by ions may encourage more 
complex defect structure and diversity which is more difficult to anneal out. This is the same 
as highly irradiated reactor graphite, which as mentioned, requires temperatures approaching 
the graphitisation temperature in order to achieve a significant recovery.
Perhaps for this reason the effect of increasing neutron fluence is to cause a damaged system 
whereby upon annealing energy is released over a much wider temperature range, with less 
fine structure, effectively giving rise to a very broad energy release spectra leading to the 
disappearance of the identified “Wigner release peak” at 200 °C mentioned earlier [27]. The 
total stored energy content is known to saturate at very high fluences [28] presumably 
because of an increase and perhaps a predominance of replacement collisions within the 
target area. An excellent review of this research is given by Kelly et al [28].
5.4.I.6. Effect of Annealing Time
Fig. 5.13 is a Raman comparison of the effect of holding time, at the annealing temperature, 
for identical samples irradiated with 5.0 keV He+ ions to a dose of ~2.0xl018 ions.m'2.
The measured Ie/Ig ratios are shown in table 5.3:
Table 5.3: Measured ID/IG ratios after annealing at 600 °C and holding for the times shown.
Holding Time (min) Observed Id/Ig ratio
Unannealed 1.20
0.1 0.30
1.0 0.15
10.0 0.16
100.0 0.15
The upper graph is the Raman spectrum taken directly after irradiation, whereas underneath 
are the Raman spectra taken after the sample was annealed, under an N2 atmosphere, to
130
Chapter 5 Thermal Annealing
600 °C. The times shown indicate the length of time that the sample was maintained at 
600 °C, before being cooled back down to room temperature.
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Fig. 5.13: Raman spectra o f  HOPG irradiated to a fluence o f  ~ 2 .0 x l0 18 ions.m'2 with 5.0 keV He+ ions. Each 
spectra is taken after annealing at 600 °C. The times shown indicate the time spent holding at temperature.
Apart from the shortest holding time of 0.1 mins, the other spectra are very similar suggesting 
that the maximum amount of damage recovery occurs within the first minute at a temperature 
of 600 °C. The largest rate of recovery is observed within the first 6 seconds (0.1 min) 
indicating a very rapid kinetic process is involved.
5.4.2. Low Temperature Irradiations
In much the same way as increasing sample temperature can result in damage recovery, a low 
sample temperature prior to, and during, irradiation may lead to more damage being 
introduced. First measurements carried out by Austerman [69] were on neutron irradiated 
graphite at temperatures around -150 to -170 °C (ca. liquid nitrogen temperature). The results 
obtained were interesting and clearly showed that a considerable amount of damage was
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retained at low temperatures. In one particular sample the energy release spectra observed 
contained an intense maxima at -60 °C with energy continually being released over the range 
-163 to +2 °C totalling to approximately one third of the total amount of energy released 
above 30 °C. These results suggest that defects may readily form at low temperatures which 
may rapidly anneal out at room temperature. Such defects can be imagined whereby they can 
only exist at sub-ambient temperatures; metastable Frenkel pairs which require only a very 
small amount of activation energy to overcome the barrier to recombination. At room 
temperature such defects could not occur or may occur but instantaneously annihilate. 
Parallel work by Austerman and Hove [35] on graphite irradiated at -263 °C (ca. liquid 
helium temperature) indicate that there is a temperature limit, whereby no appreciable 
increase in stored energy build-up may be expected at the even colder liquid helium 
temperatures.
Further sub-ambient irradiations were studied by Bonjour and Bochirol on three different 
graphites, varying in structure and crystallinity, irradiated at 77 K and 27 K [20]. Energy 
release peaks were observed at 75, 110 and 135 K corresponding to activation energies of 
0.09, 0.13 and 0.17 eV respectively. No difference was observed between reactor grade and 
pyrolytic graphite, thus suggesting that initial levels of crystallinity of the graphite plays no 
role in the irradiation-induced stored energy accumulation. However, this is probably the case 
in this instance since the reactor grade graphite is far from amorphous, with crystallites of 
significant size. Early work by Ballinger [13] on samples of neutron irradiated carbon black 
and polymer carbon, both extreme samples of non-crystallinity, do show considerable 
differences in energy release spectra due to identically treated reactor grade graphite. The 
known release peak at ~ 200 °C begins to disappear as the crystallite size is reduced and at 
the same time the total amount of stored energy release also decreases with crystallite size. 
Such results suggest that microcrystalline graphites are indeed less susceptible to stored 
energy build-up, a difference only observed in samples vastly different in crystallinity. 
Austerman [69] suggests that such results are observed since during irradiation interstitials 
are trapped at crystal boundaries and at other defects present in non-crystalline carbons.
5.4.2.1. DSC Analysis
Fig. 5.14 below contains the DSC traces for ion irradiated PGA, irradiated at 5.0 keV at a 
total fluence o f-1.6x1019 ions.m'2 at ~ -173 °C (100 K).
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Fig. 5.14: DSC traces obtained from inert-gas ion irradiation of nuclear grade graphite at a total fluence of 
~1.6xl019 ions.m'2 at ~ 100 K. Below 75 °C the instrument is reaching equilibrium.
Despite the lower irradiation temperature used, the DSC traces were all very similar to the 
cooled virgin material after He+, Ne+, Ar+ and Xe+ irradiation. This confirms the hypothesis 
that at these relatively low energies the damage cascades are not powerful enough to install a 
detectable amount of Wigner-like energy into the system. Again, it is likely that indeed there 
is a form of ion-induced internal energy build-up but this is retained only in a very small 
fraction of the sample, whereas the overwhelming percentage of the sample is unaffected by 
the irradiation process. We know that cooling the sample prior to irradiation will enhance the 
effects of irradiation by locking in any defects produced, particularly metastable defects such 
as the intimate Frenkel pair, consequently lowering the rate of any self-annealing processes. 
However, even so, the ion energies used at Cardiff combined with the relatively low 
penetration depth achieved mean that no stored energy is observed in these cases.
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5.4.2.2. Raman Analysis of Samples Irradiated at 100 K.
Figs. 5.15 and 5.16 below are the time-resolved Reiman spectra obtained for the irradiation of 
HOPG at 100 K by 5.0 keV He+ and Xe+ ions respectively. The ion flux was -l.OxlO17 
ions.m'V1 and the irradiation times are displayed on the spectra.
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Fig. 5.15: Time-resolved Raman spectra obtained for the irradiation of HOPG at 100 K with 5 keV 
He+ ions at an ion flux of-l.OxlO17 ions.m'V1.
The results show the same general trends seen at room temperature; however it is clear that, 
as expected, the irradiations carried out at ca. liquid nitrogen temperatures are considerably 
more effective in producing damage. This can be observed in Fig. 5.16 where the rate of 
increase of the actual Id/Ig ratio in the Raman spectra for Xe+ irradiation is considerably 
higher at 100 K than at 298 K. In the case of He+ irradiated at 100 K an immediate increase in 
the Id/Ig ratio is observed for an equivalent dose at room temperature, followed by a more 
rapid increase after 20 seconds irradiation.
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Fig. 5.16: Time-resolved Raman spectra obtained for the irradiation of HOPG at 100 K with 5 keV 
Xe+ ions at an ion flux of -l.OxlO17 ions.m V1.
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Fig. 5.17: The change in the actual Id/Ig ratio with respect to irradiation time for 5.0 keV He+ and Xe+ 
irradiation. The effect of sample temperature prior to and during irradiation is clearly seen.
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However, after an irradiation time of 40 seconds, the graph starts to change shape and the 
Id/Ig ratio actually becomes lower. This signifies the breakdown of the T-K relation, which 
has been observed previously [70] and occurs when the damage to the system becomes quite 
large and the crystallites are < 2.5 nm [71].
From Fig. 5.15 it can be seen that the spectrum obtained does differ at higher doses; however, 
the Id/Ig ratio may be the same or even lower at higher dose. At this point analysis of the 
Id/Ig ratio becomes invalid and the spectra must be analysed using the peak width of the D 
band, which increases considerably from 40 seconds irradiation onwards. As Niwase pointed 
out, reduction of the crystallite size is not necessarily the origin of amorphisation and the 
increasing peak-width of the D band is a better means to distinguish amorphised samples 
after a critical dose; thus suggesting that the amorphisation proceeds through a change in the 
bonding nature from sp2 to sp3 carbon [72].
5.4.2.3. Highly Amorphised Graphite - The 1500 cm*1 Raman feature.
Another aspect to consider is the general broadening of the spectrum, and the presence and 
predominance of the previously observed peak at ~ 1500 cm'1 [73-74]. Eventually a broad 
feature is observed, as shown in Fig. 5.12, indicating an amorphous system [75]. At this stage 
it becomes very difficult to obtain an accurate and meaningful Id/Ig ratio, and hence there is a 
data point missing in Fig. 5.17. The broad band at -1500 cm'1 is indicative of a large decrease 
in crystallinity, and for the ion energies and doses used in this project, can only really be 
observed under prolonged He+ irradiation or low-temperature irradiation for the heavier ions. 
The emergence of this band can be seen in Fig. 5.16, after 320 seconds irradiation with 5.0 
keV Xe+ ions at a sample temperature of ~ 100 K.
This feature has been observed previously in ion-irradiated graphite, but there has been no 
publication of such a feature with neutron irradiated material. Niwase et al [75] observed the 
feature in graphite irradiated with D+ ions to a dose of 1.0 x 1022 ions.m'2 and attributed it to a 
C-D interaction and hence is assumed to be affected by ion implantation. In He+ irradiation 
the band emerges rather suddenly from Fig. 5.15 it can be seen that somewhere between 
fluences of ~1.6xl019 ions.m'2 and 3.2xl019 ions.m'2, relating to irradiation times of 160 and
136
Chapter 5 Thermal Annealing
320 seconds respectively, the Raman shape becomes such that it is impossible to accurately 
distinguish the D and G band positions and widths.
This feature was also observed in 5.0 keV Ne+, Ar+ and Xe+ irradiated graphite, but in these 
instances, due to the lower penetration depths, much higher fluences were required in order to 
achieve the complete amorphous spectra [74]. However, lowering the temperature of the 
sample during irradiation was also found to be sufficient in causing enough damage to the 
system to see the emergence of the broad feature.
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Fig. 5.18: Raman spectra obtained for 5.0 keV Ar+ irradiated HOPG at 100 K and at an ion flux o f  ~4.0xl017 
ions.m'2. The duration o f each irradiation is shown next to the spectra and times are cumulative. The emergence 
of the broad -1500cm '1 peak can be clearly seen.
Fig. 5.18 is for 5.0 keV Ar+ irradiated graphite and the emergence of the additional band can 
be clearly seen, becoming more intense with increasing fluence, eventually generating the 
familiar broad ‘hump’ observed previously. Note that to obtain the spectra shown in Fig. 5.18 
a considerably higher ion flux is required in order to achieve the necessary fluence over the 
same time period along with lowering the sample temperature to 100 K.
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From what we know about the annealing process we can predict that once such a high level 
of amorphisation is achieved then recovering the lattice will be more difficult, requiring yet 
higher temperatures to tend to its pre-irradiated structure, and indeed this is the case. 
Although even at this high stage of amorphisation the graphitic system can start to be 
recovered, albeit somewhat slowly, by annealing as shown in Fig. 5.19 below, which is a case 
of highly damaged HOPG through 5.0 keV He+ ions.
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Fig. 5.19: Raman spectra o f  annealed 5.0 keV He+ irradiated graphite, irradiated at 100 K with -3 .2x1019 
ions.m'2.
Initially the Id/Ig ratios cannot be deduced, until an annealing temperature of approx 800 °C 
at which it starts to become possible to distinguish the two bands. At 1000 °C the spectra 
starts to look similar to other heavily ion irradiated samples observed previously, and there is 
a significant drop in any contribution from the 1500 cm'1 feature.
Comparing this data with Fig. 5.12 it becomes apparent that, as expected, this more intense 
damage to the graphite system is even more difficult to recover than the high dose of He+
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irradiation received previously, and temperatures close to the graphitisation temperature 
would likely be required to achieve any significant recovery, indicating that this heavily 
damaged material is similar to the carbonaceous graphite-precursor material.
5.4.3. High Temperature Irradiation
Investigations carried out into irradiations at higher temperatures have shown that the rate of 
energy accumulation decreases with increasing temperature [28]. This is expected since at 
elevated temperatures the system will have enough energy to sustain self-annealing processes 
which will effectively allow any interstitial-vacancy pairs to recombine virtually 
instantaneously, resulting in a lower net damage accumulation. Early work at temperatures 
above 30 °C but below 200 °C showed the intensity of the 200 °C peak to decrease 
substantially with increasing temperature. Obviously for irradiations above 200 °C this peak 
does not exist, but even at irradiations at T > 400 °C some, relatively small, amounts of 
stored energy are observed [28].
For these reasons, DSC analysis of 5.0 keV ion irradiated graphite, at elevated temperatures, 
was not carried out since it would be highly unlikely that any energy release would be 
observed, particularly since none was observed at room temperature and below where there 
would be far fewer self-annealing processes occurring.
As for Raman analysis on samples irradiated at higher temperatures much work has been 
shown in the literature already. Experiments involving 5.0 keV inert-gas ion irradiation were 
not carried out due to experimental difficulties involved with heating the sample, but results 
would be expected to follow those previously published. That is for a given ion dose received 
by the sample the Id/Iq ratio will decrease with increasing temperature [76-78]. Again, this is 
due to an increase in self-annealing processes hindering the development of damage into the 
system [79].
5.4.4. TEM Analysis
In order to understand fully radiation-induced damage in graphite it is important to be aware 
of the affect of radiation on the atomic scale. To do this an extensive investigation should be 
carried out utilising high-resolution TEM to try and observe the generation of defects, their
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evolution with respect to increased radiation dose and also the mechanisms of recovery as a 
result of sample heating. Work has been carried out previously utilising TEM techniques to 
study the effects of ion irradiation on graphite [80-83]; however more studies need to be 
carried out in order to achieve a more comprehensive understanding.
Here a brief analysis is carried out on the effect of ion-irradiation on the microstructure of a 
nuclear grade graphite. Fig. 5.20 is a TEM image taken from a virgin sample of PGA. 
Samples were prepared through Focussed Ion-Bean (FIB) as discussed in chapter 2.
Fig. 5.20: A TEM image o f virgin PGA showing the randomly orientated graphitic packets.
Fig. 5.20 shows clearly the basal planes present in the virgin PGA sample. The bands appear 
darker under the microscope and are randomly orientated amongst an amorphous matrix. The 
high-resolution dark-field image shown in Figs.. 5.21 and 5.22 shows the basal planes in 
more detail and the angstrom-sized spaces between the basal planes can be clearly resolved. 
These results are rather similar to those obtained by Wen et al [84] on samples of 
Gilsocarbon, showing a rather similar structure as expected. The basal planes are far from 
ideal in structure and bending and buckling of the graphene layers is apparent.
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Fig. 5.21: A high-resolution dark field image o f  virgin PGA showing the randomly orientated graphite strands.
Fig. 5.22: (left) Enlarged section o f  Fig. 5 .2 land the graphite fringes (right) an illustration to represent the 
inherent disorder and buckling present within the basal planes of PGA.
Ion-irradiation of the TEM specimen was carried out in order to induce damage into the 
system. Fig. 5.23 is an image taken after the sample was exposed to 5 keV He+ irradiation to 
a fluence of 3.2x1019 ions.m*2.
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Fig. 5.23: High-resolution TEM image taken after 5 keV He+ irradiation to a fluence of 3 .2x l019 ions.m'2.
After irradiation there is a distinct loss of structure and the graphitic bands can no longer be 
seen. Instead the image is generally featureless indicating a tendency towards an amorphous 
system . This was confirmed through electron diffraction to be the case. Similar conclusions 
are drawn by Muto et al [85] who studied thin films of graphite after He+ irradiation with 
TEM. They found that a ridge network consisting of curled graphitic sheets starts to form 
causing a wrinkling of the graphite surface and a breakdown of lattice order. Also similar 
amorphisation of graphite has been observed previously with protons [86] and electrons [87]. 
The breakdown of long-range order has also been observed in highly irradiated HOPG [88].
Heating the ion-irradiated sample causes the expected recovery of the lattice which is also 
validated through the Raman analysis. Such a recovery has been observed on the atomic level 
previously in ion-irradiated HOPG samples [89] and similar images have been taken in the 
graphitisation of petroleum pitch [90]. In this particular case the radiation fluence received by 
the sample initially was reasonably high leading to a highly amorphous state. As a result 
annealing at 600 °C only leads to a partial recovery of the structure and from Fig. 5.24 it can 
be seen that the sample is still largely amorphous. These results agree with the Raman results 
presented in Fig. 5.19 and help to show that the recovery of a highly damaged system can be
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difficult and quite high temperatures are needed for the graphitic structure to be clearly seen 
again.
Fig. 5.24: High-resolution TEM image taken after the PGA sample was exposed to 5.0 keV He+ irradiation to a 
fluence of 3.2x10 19 ions.m'2 and subsequently annealed at 600 °C for 0.5 hours.
5.5. Conclusions
Raman analysis shows clearly the recovery effect of temperature on ion-irradiated graphite 
systems. Monitoring of the Id/Ig ratio shows recovery to increase in various steps, each step 
likely to correspond to various type or types of defects, each with a different amount of 
energy required in order to be removed. The effect of temperature has been shown to depend 
on the initial radiation dose received, and more damaged systems require higher temperatures 
for an equivalent level of recovery. The effect of sample temperature prior to and during 
irradiation has also shown to be important, with the amount of damage increasing, for a given 
dose, as initial sample temperature decreases. At higher temperatures the opposite affect has 
been observed and reasons for this have been discussed.
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DSC analysis has not shown any stored energy build-up for samples irradiated at 5 keV, even 
at temperatures as low as 100 K. Reasons for this are not entirely clear but is likely due to the 
low energies and subsequently low penetration depths involved.
TEM analysis has shown the recovery process occurring to some extent. The TEM 
investigation carried out here is only brief but it has shown that such work has the potential to 
provide the deeper understanding required to elucidate the damage and recovery mechanisms 
occurring in graphite on the atomic scale.
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> / w M e r  6
High Energy (>  100 keV) Ion Irradiation
6.1. Introduction
From what has been established so far, it can be said that increasing the incident ion 
energy will increase the ion penetration depth and hence the extent of the collision / 
damage cascade. Up to now the results have been discussed on graphite irradiated 
with ions of energies no greater than 10 keV. However, in order to better simulate the 
effects of fast neutron irradiation (which have a mean energy 2.0 MeV [1]) then 
perhaps it is more appropriate to use higher energy ions. This has been done 
externally at Surrey University, UK and at the Universite de Lyon, France which have 
the necessary apparatus in which to carry out irradiations in the MeV energy regime.
It was hoped that the increased penetration depths would produce more bulk sample 
damage, and hence can be analysed effectively through DSC and XRD. The presence 
of stored Wigner energy in the samples after irradiation is more likely to be measured 
using DSC since it would be present in a much larger percentage of the total sample 
mass. As for XRD, which is a bulk technique, the increased depth of the damage will 
increase the chances of observing any ion-induced affects in the XRD pattern. Raman 
spectroscopy is also employed, where in all high energy irradiations the penetration 
depth of the ions exceed the 40 nm detection limit of the Raman laser.
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6.2. Experimental
To carry out the high energy irradiations discussed in this chapter, an ion implanter 
and Van de Graff accelerator were used, both of which are discussed in Chapter 2. 
The graphite samples used were nuclear grade PGA graphite obtained from the 
University of Manchester.
For the carbon ion irradiations the ion implanter at Surrey Ion Beam Centre was used 
to irradiate with C+ and C++ ions. The doubly charged ions are required in order to 
achieve the higher initial energies. In total seven samples were irradiated; the samples 
were 2 mm in diameter and 1mm thick and were placed in a 2 cm x 2cm piece of 
graphite, essentially a custom made sample holder (Fig. 6.1, left).
PGA
samole
S te e l h o ld er with sc re w  h o les
G raphite  
sa m p le  ~~ 
holder
2  cm  X 2 cm
o o o 
•  o c
o o o
Blank
holes
H O PG  sam p le
C arbon
PGA
sam p le
ta p e
Fig. 6.1: a) (left) schematic o f custom made graphite sample holder with 7 small graphite discs inside 
used at the Surrey Ion Beam centre, b) (right) Schematic o f  2cm x 2xm steel holder used at University 
de Lyon with a HOPG sample and a small graphite disc placed at the centre, both irradiated 
simultaneously by the ion beam.
For higher energies (> 1.0 MeV) the Van De Graff facility at the Universite de Lyon 
was used. Samples were stuck down onto a metal holder which was screwed in place, 
in direct line of the ion beam. The beam covered a 1 cm2 area in the centre of the 
holder (Fig. 6.1, right)
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6.3. Results
6.3.1. Carbon Ion Irradiation
From the theory discussed in Chapter 3 the majority of the irradiation induced damage 
caused in graphite is a result of the primary knock-on atoms, and the extended 
collision cascades that develop as a result [2-5]. Each individual collision cascade 
must be initiated by a single carbon atom which, in the case of reactor graphite, was 
itself removed from its lattice position by a fast neutron. It therefore seems feasible 
that a good method of simulating neutron induced damage would be to irradiate with 
carbon ions in an attempt to simulate the primary knock-on atoms and thus try to 
cause similar damage cascades throughout the graphite matrix. The experiments 
carried out are summarised in Table 6.1.
Table 6.1: The experimental parameters used in the C ion irradiations.
Sample Ion Total Fluence 
(ions.cm'2)
Initial Energy 
(keV)
A C+ 5.0 x 1012 200
B C+ 5.0 x 1012 400
C C++ 5.0 x 1012 800
D C+ 5.0 x 1014 200
E C++ 5.0 x 1014 400
F 5.0 x 1014 800
G c+ 5.0 x 1016 400
All irradiations were carried out at room temperature. The ion energies used were 
picked in an attempt to match reasonably closely the energies of the primary-knock on
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atoms, assuming its energy was passed on from a fast neutron with energy of 2.0 MeV. 
The experiments were designed in order to keep the fluence constant whilst increasing 
the energy and vice versa, allowing for an understanding of the affect of each 
parameter.
As discussed previously, the maximum energy transferred from a moving particle 
colliding with a stationary particle can be expressed by Eq. 6.1 [6]:
Emax = AE (Eq. 6.1)
Where,
A = 4MiM2/(Mr+M2)2 (Eq. 6.2)
So, for a fast neutron (Mi = 1 a.m.u.) of energy 2.0 MeV striking a carbon atom 
(M2 =12  a.m.u.) within the graphite lattice, the maximum energy passed on can be 
calculated to be approximately 0.57 MeV or 570 keV.
In practice, it is difficult to obtain energies of exactly 570 keV and also this is just an 
idea of the energies and is not exact, considering the neutron energy of 2.0 MeV is 
only an estimated mean value. The energies used of 200, 400 and 800 keV will give a 
sufficient range of energies with which to simulate the primary knock-on atom.
6.3.1.1. Ion Implantation
Using the SRIM 2008 software package it is possible to estimate the expected 
penetration depths of the carbon irradiated samples and to get an idea of the extent of 
the collision cascades [4]. Below is a screenshot taken for the simulation of 1000 C+ 
ions incident on graphite, with initial energies of 200, 400 and 800 keV.
The implantation profile approximates a Gaussian distribution, and Fig. 6.3 clearly 
shows that the affect of increasing the initial ion energy is to increase the mean 
penetration depth, in an almost linear fashion.
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Fig. 6.2: A visual representation o f  the collision cascades generated from C ion irradiation o f graphite 
at ion energies o f  200 keV, 400 keV, and 800 keV (from left to right respectively) as simulated by 
SRIM 2008. Green represents displaced carbon atoms and red represents the ion path.
Mean Implantation Depth (nm)
Fig. 63: a left) C ion implantation profiles. The energies stated refer to the initial C ion energy for that 
peak. The implantation profiles approximate well to a Gaussian distribution, b right) An almost linear 
relationship between ion energy and implantation depth.
Table 6.2 below is derived from the SRIM simulations and highlights the mean 
penetration depths, Xjo, the range of ion implantation and the number of vacancies 
produced per carbon ion. Such information can provide a good understanding of the 
affect of ion energy on the irradiation processes.
Energy
(keV)
Xo(nm) Approx 
Implantation 
Range (nm)
Vacancies/ion
200 382.9 243 - 520 ~ 324
400 651.5 475 - 827 ~ 387
800 1054.5 842 - 1262 ~ 428
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6.3.1.2. Raman Analysis
Once irradiated the samples were analysed using Raman spectroscopy. Firstly 
comparison was made between graphite samples irradiated with C ions at the same 
fluence but at varying energies. Fig. 6.4 below is the spectra obtained for samples 
irradiated at a fluence of 5.0 x 1014 ions cm'2.
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Fig. 6.4: Comparison o f Raman spectra obtained for identical graphite samples irradiated with 200,400  
and 800 keV C ions to a fluence o f 5.0 x 1014 ions.cm'2.
In all cases irradiation shows a considerable Id/Ig ratio, indicative of damage [7-10]. 
The measured ratios are displayed in table 6.3 along with virgin graphite material.
Table 6.3: Id/Ig ratios for varying energies o f  C ion irradiation at a dose o f  5 .0 x l0 14 ions.cm'2.
Energy ID/IG ratio
200 1.51
400 1.52
800 1.45
Virgin 0.49 (c.f. Fig. 4.1)
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These values are all very similar and are considerably larger than the untreated virgin 
graphite material, displayed in Fig. 4.1. Interestingly the higher energy irradiation 
does not seem to indicate a more damaged system, in fact the opposite is true. The 
slightly lower Id/Ig ratio, measured at 800 keV, accompanies a narrower band width 
than the lower energy spectra and also considerably less overlap of the D’ and G 
bands, signs that have been ascribed previously to highly damaged systems [11]. The 
800 keV spectrum also exhibits an almost flat baseline, again suggesting that 
advanced stages of irradiation damage have not yet been reached.
However, the Raman laser is only providing information from approximately the top 
40 nm of the sample [12-13], which from Figs. 6.2 and 6.3 we know is far from the 
level of the majority of the ion induced damage in these higher energy cases. 
Therefore the Raman spectra observed can be explained by higher energy irradiations 
resulting in a deeper level of damage, with the maximum damage caused being further 
into the bulk. In the case of the sample irradiated at 800 keV it seems logical that the 
majority of the ions would pass the 40 nm threshold at high energy and as a result 
would not induce as many displacements as it would once it begins to lose energy and 
slow down at around 800 nm into the bulk (Fig. 6.3).
Even at 200 keV the incident ions surpass the 40 nm threshold at high energy, 
however with considerably less energy than at 400 and 800 keV. As a result the 
Raman spectra obtained gives the impression of a more damaged system since a 
higher proportion of ions will be able to cause the atomic displacements and 
subsequent damage events necessary for the observed Raman spectrum. However, this 
is unlikely to be the case in reality since the more energetic irradiation will produce a 
greater number of PKAs and hence more damage.
Further Raman analysis was carried out in order to compare samples irradiated at a 
constant energy but at increasing dose. Fig. 6.5 is a comparison of Raman spectra 
obtained from graphite irradiated at 400 keV at the doses stated.
As expected the Raman spectra indicate that as the total ion dose is increased then the
1A 9damage to the system also increases. A dose of 5.0 x 10 ions.cm' seems to have 
caused significantly more damage than at 5.0 x 1012 ions.cm'2, as indicated by the
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significant peak broadening and the emergence of the broad feature at 
1500 cm'1 [11].
ions.cm'
5 . 0 x 1 0
c
=3
-Q
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&
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E(0£
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800 1000 1200 1600 20001400 1800
Raman Shift (cm'1)
Fig. 6.5: A Raman comparison o f graphite samples irradiated with 400 keV C ions at total ion doses o f  
5.0 x 1012, 5.0 x 1014 and 5.0 x 10 ions.cm'2.
6.3.1.3. X-Ray Diffraction (XRD)
Nuclear grade graphites such as Gilsocarbon and PGA are polycrystalline materials 
and as such give rise to XRD spectra containing several features, some sharp and well 
defined and others broader and more rounded. XRD was used in early studies of 
graphite by Tuinistra and Koenig [14] who used it to determine the crystallite size, La, 
and hence were able to discover that Raman could also be used to calculate La 
accurately through the T-K relation (c.f. 4.3.6).
From the early work carried out by Zachariasen [15-16] in 1945, on graphite 
irradiated in the Hanford reactor, it is known that irradiation induced structural and 
dimensional changes can occur in nuclear grade graphites. An increase in the c 
spacing is observed along with a smaller decrease in the a spacing.
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Space Group: D 6h
Unit Cell: a = 2.4612 ± 0.0001 A
c = 6.7079 ± 0.0007 A
Fig. 6.6: Crystal structure o f  graphite as first proposed by J.D. Bernal [17].
Such changes are responsible for the macroscopic length change observed in 
moderator graphite and are also important in explaining the changes to some of the 
other properties [18].
The swelling in the c-axis can be explained by the formation of interstitial 
atoms/clusters residing in the area between planes. Fig. 6.7 is a schematic of such a 
scenario [19].
Fig. 6.7 : A Schematic representation o f  radiation-damaged graphite showing interstitial groups on the 
associated local increase in layer spacing [19].
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Such effects can be monitored through XRD which can detect bulk changes in 
structure very effectively [20]. Fig. 6.8 below is a comparison of poorly graphitised 
carbons, essentially the graphite precursors used in the manufacturing process, against 
a nuclear grade graphite, in this case Gilsocarbon.
(A
V> Green Bake
Gilso Coke
110100 " 101002 112
004
v 006 Gilsocarbon
20 30 40 50 60 80 90 10010 70
2d (degrees)
Fig. 6.8: XRD spectra of nuclear grade Gilsocarbon and the carbon precursors used in the 
manufacturing process (Courtesy of William Bodel). Stated next to each peak is the corresponding 
diffraction plane.
The patterns obtained for the poorly graphitised carbon is far different to that from the 
virgin graphite material. Generally there is a peak shift combined with a significant 
peak broadening and overall loss o f features. Work carried out by Bacon and 
Warren [19] on neutron irradiated graphite confirms that the effect of neutron 
irradiation is to destroy any long range order and to cause the structure to tend to an 
amorphous state, not dissimilar to that of pre-graphitised or poorly graphitised carbon.
The first observable change, occurring at relatively low neutron doses, is a shift of the 
<006> and <004> lines to lower angles, due to an increase in c spacing [19]. Such 
doses exhibit no real broadening; however continued irradiation results in clear peak
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broadening until the bands become much more diffuse and eventually disappear 
entirely.
A distinct sharp feature at 20 ~26.5 °, ascribed to the <002> crystal plane, is observed 
in typical nuclear grade graphites [21]. It is indicative of crystallinity and is found in 
the XRD pattern of HOPG also [22]; it can be used to determine the crystallite size of 
the sample from its FWHM [23]. For this reason, at high doses it is beneficial to focus 
on this peak in order to gain quantitative information regarding the particle induced 
damage.
Townsend and Lund [21] discovered that the <002> peak of graphite irradiated in the 
Hanford reactor began to shift towards lower angles after a relatively short neutron 
exposure. As the dose increased the shift was found to increase and after a dose of 
-  1.0 x 1020 n.cm2 (860 Mwd/At) a significant broadening was observed. At a higher
<%A A
dose of -  2.0 x 10 n.cm (1500 Mwd/At) a completely broad feature, peaking at 20 
-24.0 ° was observed, again indicating an amorphous-like structure. A more recent 
study by Lexa and Kropf [24] of graphite irradiated in the ASTRA research reactor 
showed analogous results, with the <002> band tending to an amorphous pattern after
10 oa neutron dose of 1.5 x 10 n.cm’ .
Therefore in order to establish if ion irradiation can cause similar damage to the 
graphite lattice, XRD can be employed. The changes observed previously (described 
above) and a tendency towards a poorly graphitised carbon pattern (Fig. 6.8 above) 
would suggest that similar damage processes were occurring.
However, since XRD is a bulk technique, the ion penetration depth, and the extent of 
the collision cascade becomes very important. That is, if the large majority of the 
sample is unaffected by the irradiation, and therefore is essentially virgin material, 
then the XRD trace obtained would be less likely to pick up any relevant changes in 
the spectra, induced by the irradiation. This can be seen in the XRD traces obtained in 
ion irradiated graphite at 5.0 keV (Fig. 6.9).
The results show all diffraction patterns to be virtually identical, thus indicating no 
observable change in c spacing due to ion bombardment. However, as explained, a
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valid reason for this is the relatively low ion energies used, which for the He+ case, 
which is the maximum, is only approximately 23 nm.
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Fig. 6.9: XRD traces obtained for 5 keV He+, Ne+, Ar+ and Xe* irradiated graphite.
Since the samples used were 1.0 mm thick, it is clear that only a very small 
percentage of the sample was affected by the irradiation. Since X-rays are able to pass 
through the bulk of the sample, it seems likely that any increase in lattice spacing or 
other structural affects within the surface of the sample are beyond the detection 
limits of XRD and are consequently drowned out by the much larger proportion of 
information coming ffom the unaffected bulk. To try and overcome this problem 
higher ion energies have been used, resulting in increased penetration. Additionally a 
low-angle version of XRD known as glancing-angle (or grazing-incidence) XRD can 
be used to obtain information only from the near-surface region (Fig. 2.10).
For the carbon ion irradiation experiments, outlined in Table 6.1, glancing-angle XRD 
spectra were obtained, at an angle o f 2° relative to the surface of the sample.
159
Chapter 6 High Energy Ion Irradiation
This is the lowest angle achievable without large signal-noise becoming prominent in 
the spectra.
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Fig. 6.10: Grazing-incidence XRD comparison o f  virgin graphite against C ion irradiated graphite at 
total ion doses o f 5.0 x 1012, 5.0 x 1014 and 5.0 x 1016 ions.cm'2.
The XRD patterns obtained were virtually identical for all carbon ion irradiated 
samples. There seemed to be no observable change upon increasing the ion energy 
from 200 keV up to 800 keV or from increasing the dose from 5.0 x 1012 to 5.0 x 1016 
ions.cm'2, as shown in Fig. 6.9 above.
On comparison of the XRD spectra of virgin graphite with the ion irradiated material 
there again seems to be little change. The significant broadening and shift of the 
<002> peak that is indicative of lattice damage, is not present in the spectra, thus 
indicating that such damage processes have not occurred. Below is an XRD pattern 
taken of a similar nuclear grade graphite irradiated in the BEPO reactor, with a total 
neutron fluence of approximately 1.1 x 10 n.cm' .
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In Fig. 6.11 a clear broadening of the <002> peak can be clearly seen, along with a 
slight shift. The degree of both of these changes would increase as neutron dose 
increases and damage to the lattice intensifies.
c=>
-d
<
£
c
13
oO
002
002
BEPO Graphite
Virgin Graphite
T T T T T T TT
20 40 60
2$ (degrees)
80 100
Fig. 6.11: An XRD comparison o f  virgin graphite and graphite irradiated in the BEPO experimental 
reactor.
The neutron dose received by this sample is far more than the equivalent ion dose 
received by the samples analysed in Figs. 6.9 and 6.10. This suggests that perhaps a 
much higher ion dose is required in order to see the expected changes (as observed 
above) and that there is a threshold at which the total radiation dose is enough to 
cause the lattice damage necessary to be picked up by the XRD technique. This would 
certainly be the case if ions and neutrons produced exactly the same damage cascades, 
but as discussed previously there are some differences in how they interact with 
matter and as a result these differences must be considered before coming to an 
accurate explanation.
From Fig. 6.9, there seems to be a broadening of the <101> peak in the ion-irradiated 
samples, with respect to the virgin sample. Additionally a drop in intensity of the
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<110> peak is also apparent. Both these changes have been observed, amongst others, 
previously in neutron irradiated graphite by Bacon and Warren [19].
6.3.1.4. Differential Scanning Calorimetry (DSC)
From the previous chapter, DSC analysis of graphite irradiated with 5 keV inert-gas 
ions was unable to detect any exothermic heat release from the samples, caused by the 
annihilation of Frenkel defects. It is hypothesised that higher energy ion bombardment 
will increase the chance of observing such energy releases since a larger proportion of 
the sample will be affected by the irradiation, causing a more significant build-up of 
stored, Wigner-like energy into the system.
Below are the DSC traces obtained for the C ion irradiated graphite samples, outlined 
in Table 6.1:
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Fig. 6.12: DSC curves obtained for C ion irradiated specimens, outlined in Table 6.1. No energy 
releases are observed, and the slight changes in curvature observed are due to small differences in 
sample weight. Below 75 °C the instrument is reaching equilibrium.
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The DSC data obtained shows no observable exothermic energy release upon heating 
over the temperature range 30 -  400 °C. This is unexpected and indicates that no 
internal, Wigner-like energy has been introduced into the graphite as a result of the 
irradiation. However, as discussed previously, it is perhaps the case that since the 
majority of the sample is effectively still virgin material any energy release coming 
from the small irradiated fraction is not being detected or is essentially overwhelmed 
by the undamaged bulk.
This is not the case in neutron irradiation whereby the whole of the sample is affected 
and thus there is no part of the sample that is left unaffected by the irradiation. It 
seems that even using the higher energies outlined in Table 6.1 the collision cascades 
for C ion irradiation do not reach far enough into the bulk of the sample to obtain 
desirable results.
However, it is important to note that this DSC data does not imply that the C ion 
irradiation experiments carried out do not affect the graphite structure in any way. 
From the established theory on ion-solid interactions, discussed in Chapter 3, the C 
ions will be causing significant lattice damage within the area that they penetrate and 
this is confirmed through simulations by SRIM and proven experimentally by the 
Raman spectra obtained in Figs. 6.4 and 6.5. It is likely that in order to understand 
fully the reasons behind the DSC traces obtained, essentially the lack of exotherms 
when Raman measurements indicate that lattice damage has occurred, a deeper 
understanding of the damage mechanisms and the type and behaviour of the resultant 
defect structures is needed on the microscopic level.
I
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6.3.2. Irradiation at H igher Energies (> 1.0 MeV)
A study into the effects of yet higher ion energies was carried out in order to gather 
more knowledge on the damage processes and to try to improve the chances of 
observing stored, Wigner-like energy in these ion-irradiated samples.
Samples of and nuclear grade PGA graphite were irradiated with high energy He+ and 
Ar+ ions at the Institute of Nuclear Physics, at the Universite de Lyon, using their Van 
de Graff accelerator. The irradiation conditions used for each sample are outlined in 
Table 6.3.
Table 6.3: Parameters of the irradiations carried out on the Van De Graff accelerator at Lyon. Ion 
penetration parameters are calculated by SRIM 2008. %o is the mean penetration depth.
Sample Ion Total
Fluence
(ions/cm2)
Initial
Energy
(keV)
Xo
(nm)
Approx 
Implantation 
Range (nm)
Vacancies/ion
A H e^ 5.0 x 1015 4000
13564 12246 - 14549 ~ 103
B H e^ 5.0 x 1015 7500
34781 33001 - 35997 -1 1 8
C Ar+++ 5.0 x 1014 4000
2116 1609-2620 -2980
D Ar+++ 5.0 x 1014 8000
3262 2786 - 3797 -3300
Using a Van de Graff accelerator, higher ion energies could be easily achieved and 
higher fluences than on the ion implanter. To achieve the acceleration necessary to get 
up to the desired energy the ions must be double or triply charged, however this does 
not affect the interaction with the sample, since the ions are stripped of their electrons 
very quickly anyway as they travel through the graphite matrix [4,25-26].
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6.3.2.I. Ion Implantation
As before a SRIM calculation was carried out for each experiment in order to 
determine the penetration depth of the ions and the extent of the collision cascades 
involved.
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Fig. 6.13: A visual representation o f  the distribution o f high energy ions as they penetrate a graphite 
surface, simulated using SRIM 2008. The images refer to 4.0 MeV Ar+ (top left), 8.0 MeV Ar+ (top 
right), 4.0 MeV He+ (bottom left) and 7.5 MeV He+ (bottom right). Green represents displaced carbon 
atoms and red represents the ion path. Note in the case o f  He+ irradiation full damage cascades could 
not be calculaed easily due to the diffiuclties involed with simulating high energy light ions [4].
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The implantation profiles for the high energy irradiations are shown below, with the 
mean implantation depth being much higher than observed previously, of the order of 
micrometers.
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Fig. 6.14: Ion implantation profile for high energy Ar and He ion irradiation, achieved using the VdG 
accelerator at Lyon.
6.3.2.2. Raman Analysis
The Raman spectra obtained for the highesr energy He and Ar irradiations is shown in 
Fig. 6.15. A considerable difference is seen between the virgin graphite and the Ar+ 
ion irradiated samples, however very little difference is seen between the virgin and 
the He+ ion irradiated samples, with Id/Ig ratios measured to be 0.79, 0.80 and 0.77 
for the virgin, 4.0 MeV and 7.5 MeV irradiated samples respectively. The latter issue 
is expected, particularly from the SRIM simulations (Fig. 6.13 and Table 6.3) as the 
He ions pass swiftly through the surface of the graphite and penetrate relatively deep 
into the bulk, at a mean distance of 13.6 and 34.8 pm for 4.0 and 7.5 MeV ions 
respectively. Due to this the ions do not interact with the host atoms close to the 
surface, and only begin to collide with atoms mostly towards the end of their
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trajectory when they are travelling at slower speeds [27-30]. This can be seen from 
the vacancies/ion calculations outlined in Table 6.4, which, when compared to the Ar+ 
case are much lower, with the vast majority expected to be relatively deep into the 
bulk. Therefore, the Raman spectra obtained for the He+ case can be explained by this 
in that the damage caused through the irradiation lies far beyond the optical skin depth 
of the Raman laser, which, as mentioned, is known to be approximately 40 nm. As a 
result the Raman spectra in this case appears to be identical to a virgin sample, as the 
top 40 nm or so is essentially unirradiated as the He+ ions travel swiftly pass.
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Fig. 6.15: Comparison o f  Raman spectra o f  the graphite samples after irradiation with the high energy 
ions outlined in Table 6.3.
For the Ar+ ion irradiated samples, the spectra exhibit a clear increase in I d / I q  ratios 
compared to the virgin material, being 1.92 and 1.95 for 4.0 MeV and 8.0 MeV ion 
irradiation respectively. As is the case with the He+ ion irradiation discussed above, 
the high energy Ar+ ions travel much further than the optical skin depth of the Raman 
laser; however, in contrast to the He+ ion case there is an observed damage increase 
within this depth. The reason for this is probably the large difference in atomic radii 
and mass between the two ions. The larger Ar+ ions are able to destroy most of the
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graphite lattice as they pass through the sample, before coming to rest. Ar+ is also 
considerably larger than C meaning that they will be able to move and disrupt the 
lattice more easily, rather than moving past at high velocity in the same manner as 
lighter projectiles such as He+ ions, protons and neutrons are able to. Essentially these 
spectra illustrate the differences between the damage caused by ions predominately 
slowed down through nuclear stopping and those slowed through electronic stopping.
6.3.2.3. XRD measurements
The even higher penetration depths reached by using the Van de Graff accelerator for 
the ion irradiation means that a larger proportion of the sample is affected by the 
irradiation. The sample thickness is 1.0 mm (1000 pm) and in the case of 7.5 MeV 
He+ ion irradiation the mean penetration depth is expected to be approximately 34.8 
pm, which is roughly 3.5 % of the total sample volume. This is still not a large 
proportion but is considerably larger than that in the 5 keV experiments.
The XRD traces obtained for samples A-D are almost identical to those obtained for 
the C ion irradiated samples, shown in Fig. 6.10. The same subtle differences are 
observed between the irradiated specimens and the virgin material; however no 
significant broadening or shift, particularly of the <002> band is observed.
The glancing-angle XRD spectra obtained for samples A-D is shown in Fig. 6.16. 
These results are somewhat unexpected. For the case of Ar+++ irradiation the XRD 
results seem to contradict the Raman data obtained. Since the Raman analysis 
indicates that lattice damage is caused within the optical skin depth of 40 nm then it 
follows that even more damage must be caused further into the sample as the ions 
start to slow down. Therefore one would expect a considerable level of damage at 
around 2-3 pm into the sample, extending even further due to the knock-on cascades. 
However, as explained previously the glancing-angle XRD is limited to an incident 
angle of 2° and even at this low angle of approach the depth at which the X-Rays are 
diffracted is approximately 90 pm. Therefore it seems plausible that perhaps in this 
instance the vast majority of the information obtained is coming again from 
undamaged graphite and as a result is giving very similar traces to the virgin material.
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Fig. 6.16: XRD comparison o f  virgin graphite against high energy ion irradiated graphite, irradiated 
using the Van de Graff accelerator, under the parameters outlined in Table 6.4.
In the case of He^ irradiation the penetration depth is considerably further (Table 6.4) 
reaching approximately 35 pm for 7.5 MeV energy. However, the XRD patterns 
obtained are virtually identical to the rest of the samples analysed, indicating no 
observable difference even after a much increased penetration depth. This is more 
difficult to explain since now a much larger potion of the sampling depth is affected 
by the irradiation and any irradiation induced broadening or shifting of the peaks 
should be easily detected by this method. The fact that this is not the case is difficult 
to explain but suggests that glancing-angle XRD is not an appropriate technique by 
which to study ion-irradiated graphite, unless perhaps either higher ion energies (and 
hence higher penetration depths) are used or that the incident angle of the X-ray beam 
can be reduced even further. However, it may indicate that ion irradiation differs from 
neutron irradiation in that the same type of structural disorder necessary to deliver a 
change in XRD pattern is not being produced. Perhaps ions somehow lead to less 
interstitials residing in between the planes consequently giving rise to less c axis 
expansion and therefore less shifting of the XRD peaks. However, on the contrary, the 
XPS data indicates that after irradiation the ions will reside within the graphite bulk,
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presumably between the layers, thus suggesting an even bigger expansion in the c 
direction. Again, further work needs to be carried out here.
6.3.2.4. Differential Scanning Calorimetry
The DSC traces obtained for samples A-D (table 6.3) are shown below in Fig. 6.17.
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6.17: DSC traces obtained for samples A-D outlined in Table 6.3. Below 75 °C the instrument is 
reaching equilibrium.
The data obtained in the DSC analysis samples 1 -4 is interesting in that an exothermic 
peak is observed in one of the samples, but curiously not in the others. The exotherm 
is present in sample 2, which was irradiated with 7.5 MeV H e^ ions at a dose of 5.0 x 
1015 ions.cm2, and is centred at 226 °C. The same sample is then run again in the DSC 
and the repeat run is also shown in Fig. 6.17; this run displays no exothermic releases. 
This is an expected result indicative of defect-induced stored energy release since 
once the defects are annealed out the first time then the lattice will be reformed to its 
pre-irradiated state and hence no more energy release should be observed during the 
second heating cycle. This trace also proves that the exotherm is not just an artefact of 
the sample.
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Using the Pyris software package the area under the peak can be measured resulting in 
a value for the enthalpy change i.e. the amount of energy given off by the sample. A 
close-up of the peak is shown below in the screenshot taken from the Pyris software.
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Fig. 6.18: Screenshot o f exothermic peak released from sample 2, with analysis using the Pyris 
software package.
Integration of the peak gives a AH value of -27 Jg'1, which results in an overall energy 
release for the sample (weight = 40 mg) of 1.01 J or 6.7 x 1018 eV. This can be seen as 
a rather high energy release and would suggest that a significant reorganising of the 
lattice, and annealing of defects is occurring upon heating of the specimen. From the 
many studies carried out [31-35] and those particularly discussed in Chapter 5, typical 
energy ranges for many of the atomic scale processes such as vacancy migration, 
interstitial annihilation etc. are in the range of tens of eV or lower, thus suggesting 
that the exothermic energy release peak observed here is the result of a vast number of 
these processes occurring at once. This conclusion seems feasible since ions are large 
enough to cause significant lattice disruption, including the production of many 
interstitial-vacancy pairs and other irradiation-induced phenomena that may be 
annealed out once enough heat, in this case ~ 226 °C, has been added to the system.
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However it is important to note that the exact atomic scale processes and mechanisms 
responsible for this exothermic release can only be speculated about at this stage; to 
know exactly the origin of this heat release a further study would be required likely 
utilising advanced modelling techniques and some high-resolution-TEM work to try 
and ‘see’ the processes occurring in real-time. Such work is not carried out in this 
investigation. Similarly, such studies may also be required in order to explain why the 
other samples, treated in a very similar manner to sample 2, did not show any 
exothermic release as it seems difficult to explain why this is the case from the 
principles that have been discussed.
6.4. Conclusion
It seems that the attempt to try and simulate the primary knock-on events initiated by 
neutron irradiation, using high energy C ions has not been successful in leading to 
detectable stored (Wigner) energy release. Despite a structural change to the graphite 
lattice, detected through Raman spectroscopy, stored energy build-up was not 
generated in the same manner as would be expected through neutron irradiation. 
Reasons for this are not entirely clear since the mechanisms involved in stored energy 
build-up in neutron irradiation should also apply to ion irradiation, since it is the 
primary knock-on atoms that produce most of the defects and not the incident particle. 
It seems sensible that a simulating the primary knock on atom by irradiating with C+ 
of appropriate energy should yield very similar defects to neutron irradiated graphite. 
Perhaps higher ion doses would be needed since neutron irradiated specimens that 
show significant stored energy release are exposed to neutron doses several orders of 
magnitude higher. However, despite this an exothermic release was observed in 7.5 
MeV He** irradiated samples, which was at a relatively low dose of 5.0 x 1015 
ions.cm2. In this case the He** ions are able to penetrate deep into the bulk of the 
sample used and hence have a much larger collision cascade. This could explain why 
heat release was observed in this sample and not in the other samples, suggesting that 
perhaps the detection of any exotherms is limited by the extent of the collision 
cascade throughout the sample.
The work also carried out in this chapter also showed that XRD and even glancing- 
angle XRD are not suitable for detecting any changes to the graphite lattice caused as
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a result of ion irradiation, at least for the energies and fluences used in this study. 
XRD may only be useful if either higher ion energies could be utilised or lower 
incidence angle of the X-rays can be achieved resulting in less data picked up from 
the unaffected virgin areas of the sample. However it is clear that more work needs to 
be done to understand exactly why observing a significant change in XRD patterns 
before and after ion irradiation is proving so difficult when we know that the ions are 
clearly damaging the graphite structure.
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Vt tiMer 7
Conclusions
7.1. Overview
An in-depth scientific study has been carried out on the effects of ion irradiation on 
graphitic structures, with the aim to understand the damage processes that occur. The 
work carried out in this project has been presented at international conferences and to 
a range of people from the nuclear industry. It is hoped that the results obtained are of 
benefit to those in the nuclear industry aiming to elucidate the fundamental processes 
behind the Wigner effects observed in nuclear graphite and consequently may help to 
aid the large graphite decommissioning task that lays ahead, particularly in the UK.
As discussed in detail in Chapter 2, ion irradiations were carried out using standard 
UHV equipment. Subsequent analysis involved the use of experimental techniques 
such as Raman spectroscopy, XRD, DSC, XPS, and TEM alongside the SRIM 2008 
Monte Carlo simulation software. The results obtained have been discussed in detail 
in each chapter; this chapter aims to summarise the main points.
7.2. Summary of Results 
7.2.1. Raman -  (Chapter 4)
Raman spectroscopy has shown to be an effective tool in detecting the damage 
induced through ion irradiation, and has been the primary method of analysis in this
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project. Previously published work has shown that the ratio of the D and G bands, 
observed in the first order Raman spectrum of graphite, can provide qualitative 
information on the damage induced. The results of the ion irradiation experiments 
earned out here are in agreement with the published work and show, as expected, that 
as the amount of ion irradiation increases then so does the damage to the system. 
Importantly, these results are analogous to neutron irradiation, and from the Raman 
data received it seems that both ions and neutrons cause similar defects within the 
graphite lattice.
However the Raman information obtained is taken only from a depth of 
approximately 40 nm, meaning that any results interpreted only apply to this volume. 
A fundamental difference between neutrons and ions is that neutrons are much 
smaller and consequently penetrate far deeper into the bulk for a given energy; this 
demonstrates that a Raman analysis of neutron irradiated samples does not provide 
information on bulk damage, which is likely to be considerable for high neutron 
fluences. For ions this is not the case. Using the SRIM 2008 software penetration 
depths can be calculated for all ions used in the irradiation experiments carried out. 
For energies of 5 keV or less the penetration depths are all in the range of nanometres, 
indicating that such irradiations are unable to cause any damage beyond this depth. 
Using higher ion energies increases the penetration depth and as a result will cause 
damage to the bulk graphite, however in this instance Raman spectroscopy would not 
be very beneficial as the ions, and hence the damage, would surpass the optical skin 
depth of 40 nm (Chapter 6).
7.22. X P S -(C hap ter 5)
Analysis of ion irradiated samples through XPS has shown that a proportion of the 
incident ions remain embedded within the graphite lattice after irradiation. This is 
likely to disrupt the organisation of the host atoms as they are forced to reorganise. 
This is an area where ion irradiation differs from neutron irradiation. Analysis of the 
C Is band in the XPS spectra shows a broadening after irradiation consistent with a 
change in bonding from sp2 to sp3, a change, linked with amorphisation. However it is 
difficult to try and establish the effect of the implanted ion and its role in defect 
formation and subsequent amorphisation of the irradiated graphite. Further work
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would be required in order to understand these affects in more detail, likely 
incorporating the use of computer modelling systems.
7.2.3. XRD -  (Chapter 6)
Neutron irradiated graphite samples have shown a broadening and shift of the <002> 
diffraction peak, the extent of which is dependant on neutron fluence. However, XRD 
experiments on ion irradiated samples have not shown such broadening which is 
attributed to a break down of long-range order and a more amorphous system. Higher 
ion energies were employed to increase the penetration depth and cause more bulk 
damage detectable through XRD. However, despite such high energies no broadening 
affects were observed. Reasons for this are not clear and it is possible that maybe not 
enough of the sample is affected though the ion irradiation or that higher ion fluences 
are required. Even the use of glancing-angle XRD, capable of studying the top 100 
microns of the sample did not yield any results that could be assigned to ion induced 
damage.
7.2.4. Annealing -  (Chapter 5)
Heating neutron irradiated graphite provides enough energy to the system to cause the 
annihilation of particular defects, gradually leading to the removal of damage and a 
return towards the pristine state. This annealing has been widely used in the industry 
in the past in order to alleviate the neutron-induced effects, particularly the build up of 
stored energy. The work carried out here shows that in the same way as neutron 
induced damage can be removed, ion induced damage can also be healed by 
increasing the sample temperature. This has been observed through Raman analysis 
(Figs. 5.5a -  5.5d and Fig. 5.11) and TEM (Fig. 5.24). These results are again as 
expected since the damage processes and the nature of the defects caused are thought 
to be largely the same.
The temperature of the sample prior to irradiation also affects the rate of damage 
accumulation in a very similar way for both ions and neutrons. Cooling the sample to 
below room temperature leads to increased damage for an equivalent dose.
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7.2.5. DSC - W igner Energy Detection (Chapters 5 and 6)
Perhaps the main objective of this project was to try and improve the understanding of 
Wigner energy build-up and release in neutron irradiated graphite. Using ions to 
simulate neutrons and induce Wigner energy accumulation would be a cheap, easy 
and convenient way of doing this and improving understanding and hence safety with 
regards to the decommissioning of such graphites.
Using ions to generate detectable amounts of Wigner energy proved very difficult. At 
5 keV ion irradiation no exothermic releases were detected through DSC, suggesting 
that perhaps not enough of the total sample volume was affected by the irradiation to 
accumulate enough Wigner energy. In chapter 6 even higher ion energies were used 
resulting in the majority of the sample bulk being affected by the collision cascades, 
but still in the majority of samples no energy release was observed.
Curiously, even when irradiating with high energy carbon ions, which would simulate 
the primary knock-on atoms generated through neutron bombardment, no stored 
energy was observed.
However, in one sample irradiated with high energy, 7.5 MeV, He4-1- ions an 
exothermic energy release was observed. The temperature of release was very similar 
to that observed in Wigner release from neutron irradiated material though the amount 
of energy given off seemed relatively high. Perhaps this could be explained by the 
larger collision cross-section of the He nucleus as opposed to a neutron, causing more 
collision cascades and hence ultimately more damage into the graphite system than a 
neutron would. However, repeating similar experiments using similar ions and initial 
energies resulted in no heat release. Why one particular sample displayed a Wigner- 
like energy release as expected but the other did not is not entirely certain and a more 
detailed investigation and further repeats of these experiments would need to be 
carried out. Time constraints did not allow for that work to be carried out here.
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7.2.6. TEM
After successfully preparing thin graphite samples through focussed ion beam, PGA 
graphite was observed under the microscope. Images clearly showed randomly 
orientated packets of graphitic structure situated amongst an amorphous matrix (Fig. 
5.20) with higher resolution images (Fig. 5.21) allowing the graphene planes to be 
resolved.
After ion irradiation the images show an amorphous state, with no graphitic packets 
present. This occurs after 5 keV He+ irradiation to a fluence of 3.2xl019 ions.m’2. We 
know such results are similar to those observed in neutron irradiated graphite and 
again tells us that ions are able to damage the graphite structure effectively and that 
such damage can be recovered, at least partially (Fig. 5.23) in much the same way as 
neutron damage is recovered.
7.3. Summary
The use of ion bombardment on graphite systems is an effective method of 
introducing damage into the graphite lattice, a type of damage that is largely 
comparable to neutron induced damage, inflicted during the time in a reactor core. 
The mechanisms behind the damage production are essentially the same for both ions 
and neutrons and hence such damage is also recoverable in much the same way.
However, certain questions remain unanswered, most of all regarding the generation 
of stored Wigner-like energy. Such energy is produced all too easily in many low- 
temperature graphite moderated reactors; however, using ion irradiation to input a 
similar potential energy into the system was not an easy task and could not be 
achieved in a reproducible manner. This, along with the XRD patterns that seemed 
relatively unchanged before and after a variety of ion irradiations, suggests that 
perhaps the damage mechanisms are somehow different and that the defects 
introduced into graphite may be more unstable for ion irradiation than they are for 
neutron irradiation.
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Overall this project has provided an interesting and useful insight into the effects of 
ion irradiation on nuclear grade graphites, and is hopefully of interest to many people 
involved in the nuclear industry. However, the potential problem caused by a build up 
of large amounts of Wigner energy is still of concern and more work should be done 
in understanding this aspect of radiation damage if the potential risks are to be fully 
understood.
7.4. Future Work
Future work should focus on defect formation and the exact nature of the defects 
induced through both ion and neutron irradiation. It seems that more work needs to be 
dome on understanding the fundamental damage processes occurring on the atomic 
scale and the recovery associated with each defect type. To do this experimentally, 
high-resolution TEM should be used allowing for defects to be actually observed, 
with such work complementing the computer modelling that is going on in this field. 
An exciting method of monitoring defect formation would be in real time using an in- 
situ irradiation/microscope facility. Such a facility exists in the UK at the University 
of Salford and is an in-situ ion-irradiation/TEM microscope. Such a system may 
provide the necessary insight into achieving the required understanding of radiation 
damage in graphite.
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